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Figure 1-1. The grand scale of our place in the known universe as deduced from remote 
measurements that began with those of Hubble (1926) less than a century ago and were 


greatly expanded by the use of the Hubble Space Telescope named in his honot...............008 


Figure 1-2. An interstellar probe mission to the interstellar medium would be daring, 
challenging, and inspirational to the public, and it will be a rational first step before 
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Figure 1-3. Science investigations in multiple disciplines will be enabled by an Interstellar 
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Figure 3-1. As our type-G2V star plows through the galactic interstellar medium, it forms 
the habitable astrosphere harboring the entire solar system we live in. Of all other 
astrospheres, one of our habitable type has never been observed, and yet we are only at 
the very beginning of uncovering our own. An interstellar probe through the heliospheric 
boundary into the LISM would enable us to capture its global nature and would represent 
humanity’s first step into the galaxy, where unpredictable discoveries await. Images 


courtesy of NASA, except “Sun’s Local Environment” (Rosine Lallement, 2020)... 


Figure 3-2. The global physical nature of the heliosphere eludes our understanding and 
requires new physics to be incorporated in models. (Left) A 3D kinetic- MHD model by the 
Moscow group showing the heliosphere with the tail (reproduced from V. V. Izmodenov 
and Alexashov (2015) with permission; © AAS). (Center) “Croissant”-like heliosphere with 
two jets (reproduced from M. Opher et al. (2015) with the permission of AIP Publishing). 
(Right) A 3D global model with solar cycle variations showing the heliosphere with the tail 


(reprinted from Pogorelov, Fichtner, et al. (2017) with permission; © 2017 Springer). .............. 


Figure 3-3. Remote ENA observations from inside the heliosphere by IBEX (left) (from D. J. 
McComas, Allegrini, Bochsler, Bzowski, Christian, et al. (2009); reprinted with permission 
from AAAS) and Cassini (right) (reprinted from Dialynas et al. (2017) with permission; © 
2017 Springer Nature Limited) yield different global pictures. IMAP will close the gap on 
this inconsistent understanding with improved instrumentation (D. J. McComas et al., 
2018). The decisive observations will be made by the Interstellar Probe traversing the 
interaction boundary into the LISM, where ENA images will provide the first external view 
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Figure 3-4. Acceleration at the TS and unexpected unfolding ACR intensities in the 
heliosheath. The two vertical dotted lines mark the times of the TS crossing by Voyager 1 
and Voyager 2 (reprinted from Edward C. Stone et al. (2008) with permission; © 2021 
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Figure 3-5. The Cosmic Ray Subsystem instrument on Voyager 1 and 2 observed similar 

increases in cosmic rays and decreases in lower energy particles as both spacecraft exited 

the heliosphere. Cosmic rays originate outside the heliosphere, and lower energy 

particles originate inside. (Image credit: NASA/JPL-CalteCh.) ...ccccccscccccsccssessecsesesseseseseeseseseesees 3-7 


Figure 3-6. The relatively narrow energy ranges measured by the Voyager mission have left 
significant gaps in our understanding of the plasma physics of the outer heliosphere. 
(MBS COUPES Oh GGIORC KER estat sare acrenteecethcatetett tate de etal ten Teekay oe uae el al Dae hae Yea vate dot eka 3-8 


Figure 3-7. (Left) Hydrogen density enhancement in the hydrogen wall around the 

heliosphere (Balogh & Izmodenov, 2005; Baranov & Malama, 1993; Baranov & Malama, 

1995; Gruntman et al., 2001). (Right) Hydrogen Lyman-alpha line shape observed toward 

a late-type star by the Hubble Space Telescope. Excess absorption on the blue and red 

sides indicates the presence of astrospheric and heliospheric H-wall absorption, 
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Figure 3-8. Global distributions of ENAs reveal complex interactions between the solar 

wind and ISM. The origin of the bright ENA ribbon (B) and its relationship to the ENA belt 

seen by INCA are open questions. Observations from IBEX-Lo (A), IBEX-Hi (B), and 

Cassini/INCA (C) are shown (from D. J. McComas et al. (2018)). ....ccccecceecececeseeesseesseesseeeseeenes 3-10 


Figure 3-9. Voyager 1: Heliosheath shields 75% of galactic cosmic rays coming to the 
heliosphere from the interstellar medium. Plot generated from Voyager CRS Rates Time 
FLISEO GY ceed catca tetchinntitccatehwetiarnatetionsibitaleasuloh tatunitntniciiesaleavaltlisntiasiatsataleattategissttacist tatdateld nite tateaibatthitni taba talta'talehianitiateaaleasloet 3-13 


Figure 3-10. The Sun is on the way to exiting the Local Interstellar Cloud and entering 
another unexplored interstellar region. (Image credit: NASA/Goddard/Adler/U. 
SCO VV Sy Sti Dest bateeveate artecseaheaertene ase lacey elrcaane lg deseater taeda ase teinetesceshetirdl oat lo dscierankan Peanatelsiea 3-14 


Figure 3-11. Galactic environment near the heliosphere. (Left) The four interstellar clouds 

closest to the Sun (J. L. Linsky & Redfield, 2013). (Image courtesy of S. Redfield.) (Right) 

Fifteen interstellar clouds located within ~15 pc of the heliosphere (reproduced and 

adapted from Redfield and Linsky (2008) with permission; © AAS). .....ccccccccsccsccsssesseeeeeeeeeees 3-15 


Figure 3-12. Simulated trajectories of ISD grains entering the heliosphere along the solar 
apex direction and subject to deflections because of the solar radiation pressure effect 
combined with the Lorentz forces. The particles shown on this plot have a radiation 
pressure-to-gravity ratio of 1.5 and a charge-to-mass ratio of 1.5 C/kg (V. J. Sterken et al., 


Figure 3-13. ISD dust flux as measured (and compared with models) by four different 

spacecraft carrying dust instruments, as a function of the heliocentric distance (Kruger et 

al., 2019). The overall trend is a reduction in the ISD flux the closer one gets to the Sun, 

with fluctuations of the measured flux values for a given heliocentric distance being the 

result of the interaction of the charged grains with the IMF, whose configuration is itself 
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Figure 3-14. Interstellar particles with masses of 5x 10° <m<2x107"g have fluxes in 
the solar system observed by Ulysses and Galileo (red squares) far above that expected 
based on a fit to the optical and infrared extinction of the light from nearby stars (blue 
curve), scaled to the hydrogen density nH ~ 0.22 cm° of the local interstellar cloud 
outside the heliosphere. The lack of particles with m << 5 x 10°19 g is expected because of 
their filtration in the outer heliosphere. The peak near 3 x 10°*! g is expected because of 
their filtration in the outer heliosphere. The peak near 3 x 10-7! g consists of polycyclic 
aromatic hydrocarbons (reprinted from Draine (2009) with permission; © 2008 Springer 


INE Yi et thc hah retract ae oh Dh he hh eh ahh ah hh hh hb on 


Figure 3-15. Illustration of the formation conditions of ice grain precursors of 
planetesimals that formed the objects in the Kuiper Belt and that added mass to each of 


the Pian planets (Kae UMaNat etal; DO20 ic ee a tietcctanta astasete ietiaatt oti alenanet ato Nonetaene uteieteutart 


Figure 3-16. (Top Left) Cryovolcanic edifice of Wright Mons, Pluto (NASA PIA11707). (Top 
Center) Sublimation-driven penitentes on Earth (image credit: S. de Silva). (Top Right) N2 
glaciation and organics-rich cratered highlands on Pluto (NASA PIA11707). (Bottom Left) 
Extensional grabens and a possible mantle convection corona on Miranda (NASA 
P1A01354). (Bottom Right) Sublimation-eroded cliffs on Triton (JIMARS/P. Schenk). (Image 


credit: NASA/JPL-Caltech/Arizona State University; Runyon et al. (2019).)..... ccc ceceeeneeeeee 


Figure 3-17. Notional geophysical cross-section cartoon through Pluto. Topography and 
fault networks can reveal the past or present existence of a subsurface ocean. (Image 


credit: James: Tuttle Keane, JPL/ Caltech) sis. ccd. car eiasietencoshcoserovesnvesesteslachvncesintovetatetbveevotaSosnnedesn® era's 


Figure 3-18. (Left) Forward scattering of sunlight by haze (likely tholin) particles in Pluto’s 
atmosphere produces a blue plutonian solar eclipse (image credit: NASA PIA19964). (Right) 
Haze layers detected in Pluto’s atmosphere by the LORRI camera, where the arrows show a 
haze layer 5 km above the ground (left) intersecting the ground at right (reprinted from 


. 3-21 


3-25 


. 3-26 


Gladstone et al. (2016) with permission from AAAS). ......ccccccccccccsscccsccsseecseecsecsseecsescsasetseeeseseseens 3-27 


Figure 3-19. Schematic diagram of a meridional cut through Jupiter’s magnetotail (top) 
shows the plasma disk near Jupiter and notional large plasmoids (colored) moving 
down the tail, past New Horizons. This is from just after New Horizons’ inbound 
crossing of Jupiter’s magnetopause late on day of year 56, 2007, through closest 
approach at “32 Rj, and back down the magnetotail to >2500 R; (reprinted from D. J. 


McComas et al. (2007) with permission from AAAS). .....:.cccccccsccesccssccecccstcccssecesccstscceaeeescenteeesaees 3-28 


Figure 3-20. The southern hemisphere of Uranus indicates a flurry of previously unknown 
atmospheric phenomena, hinting at an unusual feature in the interior of the planet 


(reprinted from Witze (2014) with permission; © 2014 Springer Nature Ltd.). oo... 3-29 


Figure 3-21. The “family portrait” of our solar system was obtained by the Voyager 1 
mission on 14 February 1990 from a distance of 40.5 au. The famous image of Earth— 


“Pale Blue Dot” —is a part of this series. (Image credit: NASA JPL.) ....c.ccccccccccscccssecssecsseesseeeees 3-30 
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Figure 3-22. (Left) An image of Earth captured by the DSCOVR satellite (image credit: 
NASA). (Right) Artist’s impression of a rocky planet transiting across a red dwarf star 
(image credit: European Southern Observatory/L. Calcada). ...cccccccccccccccsesecsssesecsseeeessecsessssesesees 3-31 


Figure 3-23. Comparison of the JFC (red), HTC (blue), and asteroidal (AST) model with IRAS 
24-um observational normalized flux curves versus ecliptic latitude (reprinted from 
Nésvorhy etal 2010p) -withoermission: © AAS): sun wanna au whane crema ei mewnienies 3-32 


Figure 3-24. Comparison of IRAS 25-uum scans to various model components of 
interplanetary and interstellar dust (Rowan-Robinson & May, 2013). ...ccccccccccsccsecssecsseeeeeeees 3-33 


Figure 3-25. (a) Predicted dust cloud morphologies arising from solar system JFCs and 

OCCs as well as Kuiper Belt (EKB) sources (Figure courtesy of A. Poppe; A. R. Poppe et al. 

(2019)). (b) Estimated sky fluxes from the solar system dust cloud, the galaxy, and the CIB 

as a function of Interstellar Probe’s distance from the Sun at 1, 10, and 100 um... 3-34 


Figure 3-26. IPDs encode chemical diversity of the Edgeworth-Kuiper Belt. (Image credit: 
ESAPP IAW KA a sictbaquectisetnesstacaleet meee tank tet oct tess ethan ath tata dede ledbeth ton, ath deals sbMbay soot et a hina led tied 2e15 aa add 3-35 


Figure 3-27. The ALMA observatory has begun to deliver a wide range of sensitive, high- 
spatial-resolution images of circumstellar disks that are completely revising our 

understanding of when and how planets around stars are formed. The systems range 

from extremely early planetary formation in PPD systems like HL Tauri (likely less than 

100,000 years old), to the older Eta Corvi system (1.4 Gyr old) with its bright circumstellar 

Kuiper Belt debris disk and inner system belt. The large-scale structure of our own 

circumsolar debris disk (right) is largely unknown because all remote observations have 

been made from inside the dust cloud where the foreground IR emissions obscure the 

larger picture, while only one dust counter, New Horizons/Student Dust Counter, has 

ever been flown past 10 au from the Sun. (Image credit: NASA.) .......ccccccccccscccscecseecssecsseesseeeses 3-36 


Figure 3-28. The EBL in the context of cosmic history. The EBL integrates all photons 

emitted throughout the history of the cosmos and thus is a tracer of large-scale structure 
formation, galaxy assembly, and fundamental physics. The cosmic optical and IR 

backgrounds are produced by stars and galaxies in the universe and thus trace emission 

all the way from the epoch of reionization to today. We can constrain the total light from 
galaxies by counting galaxies in deep images, as shown at left, but also by observing their 
aggregate emission without the need to resolve them into individual sources of emission. 

(PIC DiPesaG ated MONTE Say PIAICK:, buen Siseamsicnsarns nse otasesucEsuleetsninstsacasnel-astvacheseehacta asa Ssnallswslsases 3-38 


Figure 3-29. Energy density of diffuse backgrounds in the universe, showing the release 

of energy from star formation in the optical (COB) as reradiated energy in the IR (CIB). 

Our current direct photometric measurements at A < 200 um are strongly contaminated 

by zodiacal light and require significant understanding of this complex foreground to 

interpret. A definitive measurement would come from a capable instrument operating in 

the distant solar system where the light from local dust is much fainter than these 

extragalactic backgrounds. (Figure adapted from Cooray (2016).).....cccccccccccscccsccessecssecsseeeeeeees 3-39 
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Figure 3-30. Predicted energy density of the combined COB and CIB (solid red line), the 
foreground from interplanetary dust (black lines) and diffuse galactic light at high galactic 
latitudes (green line), and the predicted contribution from reionization (teal region). The 
reduction in the interplanetary dust foreground is shown as a function of heliocentric 

distance from 1 to 5 au. Beyond Jupiter, the reionization signal is larger than the dust 

foreground and can be isolated from z < 5 galaxies. (Figure adapted from Cooray (2016).)..... 3-40 


Figure 3-31. Microlensing exoplanet science. (Left) Example of a real microlensing light 
curve for system OGLE-2014-BLG-0124L. The observed microlensing light curve peak 
intensity seen by the Spitzer Space Telescope 4 days before the Earth-based OGLE peak 
was about 0.23 mag brighter, even though Spitzer was about the same distance from the 
Sun as the Earth. Just the parallax induced by Spitzer being ~50° around the Sun in its 
trailing orbit was enough to create this much-observed difference between the two 
measurements; imagine how much different the light curves obtained by the Interstellar 
Probe at 10, 50, or 100 au from the Sun will be (image credit: NASA/JPL-Caltech/Warsaw 
University). (Right) Plot of detected exoplanet mass versus exoplanet distance from 
Earth. Of the current techniques of exoplanet detection, only microlensing can detect 
exoplanets farther away than 2 kpc, and thus planets around stars in different galactic 
stellar populations (e.g., bulge stars) than the Sun’s (Tsapras, 2018). wo... ccc cccseceseseseeesseeeeees 3-43 


Figure 3-32. Voyager 1 magnetic field measurements from 2009 to 2018 covering both 
the inner and outer heliosheath. (Image courtesy Of A. SZADO.) ...c ccc cccccscccscceseccsseeeseseeeenseensees 3-45 


Figure 3-33. Voyager 1 LECP measurements have shown that GCRs can exhibit coherent 
time-dependent anisotropies in interstellar space. This seems to arise from disturbances 

that induce mirroring regions that modulate the GCR intensities, resulting in a narrow 

dropout at 90° pitch angle. (Image courtesy of R. DeCKer.) ...ccceccccccccseecssecssceeseecsescsseesseesseeeees 3-48 


Figure 3-34. Simulations of the heliosphere from a side-view vantage point at 250 au 
demonstrating the expected general views at different energies. Plasma flows are taken 

from the MHD model by Opher et al. (2015) and thus do not assume any ribbon or other 
observed features. (Left) At low energies, the neutralized solar wind dominates the 

images, and in the heliosheath, ions are lost to charge exchange after a relatively short 
convection distance. (Right) At higher energies, ions survive for long distances in the 

heliosheath, providing more complete images of the global heliospheric shape. (Image 

courtesy of 8. DeMajistres Demajistre etal’, (2018) ) icccctertintncotheatieetecarncathseetbenecithuneuteenentnntntetes 3-56 


Figure 3-35. Line profile computed for an observer at 1 au, in kilometers per second. The 

dotted line is the emission of the hot hydrogen (H) population from the inner 

heliosheath. The dashed-dotted and dashed lines are for the pristine and the secondary 

H component created in the outer heliosheath, respectively. The ratios between 

populations vary with distance (reprinted from E. Quémerais and Izmodenov (2002) with 
DERISION: salts tein ipeieetioutientieewtheutiettmemenensmtue clea ousutlietl lich ntititl excletlcltesietlltn etal Batueut ccuticutes 3-60 
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Figure 3-36. Low-frequency radio emissions generated at and beyond the heliopause via 
mode conversion from electron plasma oscillations in the foreshock of shocks and 


pressure pulses moving through the ISM (Kurth & Gurnett, 2003). ......ccecccccccceeceseeeseeesseens 


Figure 3-37. Electron plasma oscillations observed beyond the heliopause showing the 
increase in interstellar plasma density in the LISM (reproduced from Pogorelov, 


Heerikhuisen, et al. (2017) with permission; © AAS). .....c:cccccccccsscssscsesecessceseesscesenseensesteeeensenses 


Figure 3-38. Schematic focal plane electronics to allow imaging via both time-delay 
integration (“push broom”) and framing modes. Color filters fixed to the imaging sensor 
allow multiwavelength visible and near-IR imaging in TDI mode, which uses spacecraft 
motion to build up an image line by line. Panchromatic strips at either end of the imaging 
sensor will permit stereo imaging to resolve a planet’s topography. Panchromatic framing 
images will allow distant reconnaissance observations for both navigation and 
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Figure 3-39. While a dust counter provides integrated flux measurements with simple 
interfaces and low resources, a dust composition analyzer provides insight into the 
chemical evolution of the galaxy. (Left) The Student Dust Counter on board New Horizons 
(image credit: NASA/Johns Hopkins University Applied Physics Laboratory/Southwest 
Research Institute). (Right) A functional drawing of IMAP/IDEX capable of elemental and 
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Figure 3-40. Illustrative layout of a wide-band spectral imager utilizing a 7-cm clear 
aperture free-form off-axis telescope. The near-IR (0.5—10 um) and FIR (25-100 uum) 
channels are split by a beam splitter and use 2k x 2k H2RG and single-element 


photoconductor detectors, respectively. (Image and figure courtesy of M. Zemcov.) ........... 


Figure 4-1. The ultimate fly-out direction of an interstellar probe is dictated by the 
primary heliophysics science goal traded with the speed and launch year. The image 
shows the sky in ecliptic coordinates with the contours of 1-keV ENA emissions as 
measured by the IBEX mission and also shows the ribbon. The locations of planets, dwarf 
planets, and Kuiper Belt Objects (KBOs) are shown for the 2030-2040 period. A trajectory 
through the ribbon in the ecliptic plane at ~295° ecliptic longitude would also enable an 


external imaging of the heliospheric shape and offer a potential flyby of Quaoal............008 


Figure 4-2. An example operation scenario would be divided into three phases and 
focused on the primary heliophysics goal as indicated. A potential KBO flyby would 


necessitate three-axis stabilization and may require rigid plasma wave antennas. ............8 


Figure 7-1. Deep-space scientific satellites have varied in mass by a factor of “3.3... 
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Figure 7-2. (See same figure and detail in current section 11.2.2 for details.) For a fixed 
solid kick stage, this figure illustrates the decrease in performance for a solar Oberth 
maneuver due to the added mass of a thermal protection system (TPS). Maximum 
performance can be expected as the distance to the Sun’s center decreases and the 
potential gain in performance by going deeper into the Sun’s gravity well is overtaken by 
the required increase in mass of the TPS. The exact location is heavily dependent on the 
details of the combined thermal, mechanical, and attitude control system design of the 
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Figure 7-3. The background map shows the Interstellar Boundary Explorer (IBEX) “ribbon” 
source of energetic neutral atoms (ENAs). The location of Quaoar (and its moon Weywot) 
is near the ribbon and the plane of the ecliptic. Quaoar is about the same size as Pluto’s 
large moon Charon and might make for a good flyby target on the way “out” of the solar 
system, the trade being the mass of appropriate flyby instruments, need for three-axis 
stabilization, etc. The New Horizons flyby of 2014 MU69 (as of this writing successfully 


accomplished) will make for a good test case (size versus flyby SPEC)... eeccceseeeeeeteeetseees 


Figure 7-4. The location of New Horizons on 5 May 2018, after the successful Pluto 
system flyby in 2015 and before the flyby of the small KBO 2014 MU69 (now officially 
designated 486958 Arrokoth). This shows the period of intense planning for the flyby, 
largely driven by uncertainties in the heliocentric radial position of the object. This will be 
a common concern for all future KBO close flybys because of limited observation of their 
orbits, set by their relatively recent discoveries (this was also an issue with the Pluto flyby 
because the orbit of Pluto has only been tracked since its discovery in 1930 (Slipher, 


1930; Stromgren, 1930), and that includes only a small fraction of its long orbit)..........0...0.. 


Figure 7-5. Calculations are based on the appendix of (Ralph L. McNutt, Jr. et al., 2014). 
(Left) Transit times from Earth launch to a heliocentric distance of 200 au using ballistic 
trajectories both with and without JGAs. The optimized solution targets a perijove such 
that the outgoing asymptote in the heliocentric frame is parallel to Jupiter’s orbital 
velocity. An error in the optimized time calculation slightly underestimates the time for C3 


>~225 km?/s?. (Right) Corresponding asymptotic Speeds. ...cccccccccs scence 


Figure 7-6. (Left) A passive JGA can achieve ~7 au/year with the simplest of systems and a 
launch C3 of between 200 and 300 km?/s?. (Right) Corresponding spread in distribution of 
fly-out directions as the C3 is varied for three different fly-out windows. N.B. The years 


across the X-axis are listed in quotation marks (“...”) because this pattern can be adjusted 
forward or backward in time by a sidereal Jupiter year (~11.86 Earth sidereal years), and 
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Figure 7-7. (Left) A powered JGA can, in principle, achieve ~9 au per year for conditions 
similar to those assumed for the passive JGA depicted in Figure 7-6. However, a 
consistent comparison requires correcting the available launch C3 for the additional stage 
mass as well as other required mass increases associated with added guidance and 
control and thermal needs associated with getting the kick stage (here a Star 48BV) from 
Earth to Jupiter. (Right) Corresponding spread in trajectory directions associated with 
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Figure 7-8. (Left) A powered-solar Oberth maneuver can, in principle, greatly accelerate the 
escape speed of a spacecraft from the solar system. The variation over the course of a 
Jupiter year is present but small. However, although these performance numbers take into 
account some initial mass estimates for the required thermal shield, they do not take into 
account the lift capability of the SLS. In particular, the apparently “best-performing” kick- 
stage cases are too heavy (even for the SLS!) to fly “Jupiter-direct” trajectories. (Right) A 
notional trajectory is shown here for a CASTOR 30XL kick stage. Note that while for the 
JGAs (passive and powered), the asymptotic fly-out direction is ~90° more in ecliptic 
longitude than the location of Jupiter at the gravity assist, the asymptotic fly-out longitude 
for the solar Oberth maneuver is toward an ecliptic longitude that is somewhat less than 
that of Jupiter for the precursor, and required, reverse JGA flyby. Hence, for a fixed ecliptic 
longitude “target,” there is no “simple” switching back and forth of the selected 


architecture approach over the course of an “12-year Jupiter orbit around the Sun..............4. 


Figure 7-9. Multiple SLS variants were explored (Creech, 2019; Creech et al., 2019)............. 


Figure 7-10. Initial calculated performance of the then SLS Block 1B+ launch vehicle by 
MSFC with an initial assortment of upper stages made in September 2018, soon after the 
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Figure 7-11. Performance comparisons for the “heavy” U.S. launch vehicles currently (as 
of 30 September 2019) in production. Note all curves depict only two-stage performance, 
and all will show better performance with additional upper stages. However, such 
additions will not affect the trends significantly. For high C3 (>100 km?/s*) performance, 
the Delta IV Heavy and its all-LOX/LH2 stages outperforms all other vehicles. The cut in 
Falcon Heavy performance for the “recovery” versus “expendable” mode is also clearly 
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Figure 7-12. Preliminary launch-energy estimate curves. The black horizontal line 


indicates a separated spacecraft Mass Of 500 Kg... ccc cccccccsseccssececssececsseseseeecsseeecsseeeseeeesseees 


Figure 7-13. Same data as in Figure 7-12 but plotted on a semilog scale. This presentation 
provides better visual performance trending for the high C3s available near the various 
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Figure 7-14. Star 48BV stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), 
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Figure 7-15. CASTOR 30XL stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), 


UG See WINE ptccsauleseleeestensulea letras cab ivasdesudesedilinalslea tc odietalil dy cutter hseasustdseteauteeesucd asin catch desea me tababd 7-32 
Figure 7-16. CASTOR 30B stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), 

UCP ahi anna at SY the he a inet haha a neh en ch fo 7-32 
Figure 7-17. Orion 50XL stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), 

AIST GL oP GA 1 I ac aaa cetera eaters eee ea att else cps ooo og ete eda eer eetupe Punts Ltee ean 7-32 
Figure 7-18. SLS-1 configuration: Atlas Centaur/48BV with SLS 8.4-m short fairing...........cc0 7-34 
Figure 7-19. SLS-2 configuration: CASTOR 30XL with SLS 8.4-m short fairing. .......ccccsccceeeceees 7-34 
Figure 7-20. SLS-3 configuration: CASTOR 30XL/48BV with SLS 8.4-m short fairing. ...........cc 7-34 
Figure 7-21. SLS-8 configuration: ICPS with SLS 8.4-m short fairing. 0... ccccccccccsssceesseeessseeenees 7-35 
Figure 7-22. SLS-9 configuration: ACES with SLS 8.4-m short fairing. .........cccccscccsscccsecessseeesees 7-35 


Figure 7-23. SLS-7 configuration: Centaur D with a thermal shield configured for 3 Rs 

perihelion. N.B. This is not a flyable design, for the following reasons: (1) It is too massive 

to launch directly to Jupiter on an SLS, (2) cryogenic propellants cannot be stored for 

cruise or especially for transport to 3 Rs from the center of the Sun, and (3) this “design” 

includes no means for maintaining a required attitude for the perihelion burn as the 

offset solar radiation pressure acts asymmetrically against the rapidly changing center of 

gravity of the assembly during the DUN... ccc ccccccsscccssscecsseecssseecsseeecssececseeecsseeecsseeessseseneeeesaes 7-35 


Figure 7-24. Injected mass versus C3 for a combination of a Delta IV Heavy and a Star 
PLES GD, AVAaL A Le] ts 124 © EE re oR a 7-38 


Figure 7-25. Injected mass versus C3 for current high-energy vehicles covered by NASA’s 
Launch Services Program Launch Vehicle Performance Planning Assessment (data from 
queries made to website tool on 10 July 2019). Compare with Figure 7-11.........cccccceeeeeeeee 7-39 


Figure 9-1. The 1st Interstellar Probe Exploration Workshop drew broad support from a 
diverse set of science and Engineering CXPELts. oo. ccccccccscccssscccssecessscecssececsseeessseecsseeeessesesteeeesaes 9-4 


Figure 9-2. Organization chart of the current study. Most of the structure could be similar 
to or the starting point for that of an actual flight Project. 0.0... ccc cccccccsscecssecessececseeeessesesteeeesseees 9-8 


Figure 9-3. Top-level task schedule for the study. The tasks are planned and sequenced to 
provide for all final reporting to be delivered no later than the first CY quarter of 2022. ........... 9-9 


Figure 11-1. Hollowed out “world ship” for human space transport. External (left) and 
internal (right) views. Original artwork by Roy G. Scarfo and text by Dandridge M. Cole 
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Figure 11-2. (Left) NEP Interstellar Probe spacecraft concept of 1978 (Jaffe et al., 1980), 

shown dropping off Pluto Orbiter. The reactor and its coolant system and 15-m-diameter 

mesh high-gain antenna (HGA) (40 W, X-band system) dominate the configuration. 

(Right) The NEP system (using a reactor advanced past the “baseline” SP-100 design 

concept) for the Thousand Astronomical Unit (TAU) mission of almost a decade later 

(Nock, 1987) is dominated by a 5-m-diameter radio antenna for doing very-long baseline 
interferometry (VLBI) for studying interstellar scintillation and compact radio sources. 

Data downlink is via a 1-m-diameter optical communications system (Etchegaray, 1987). ....11-10 


Figure 11-3. Variation of solar system asymptotic escape speed as a function of perihelion 
distance for asset of example Interstellar Probe parameters (see text). The green curve 

shows what could be obtained in the absence of a TPS. The blue curve shows the 

increasing impact of a notional TPS on performance as the perihelion distance decreases. .. 11-17 


Figure 11-4. Orbit of a massive (i.e., non-photonic) mass, falling from rest at infinity 
toward a black hole. For angular momentum tuned to a minimum orbital radius of twice 
the Schwarzschild radius, the object never escapes back to an infinite separation. .............. 11-26 


Figure 11-5. Passive Jupiter flyby schematic for the Galactic Jupiter Probe mission. 
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Figure 11-6. Sail roadmap of 1999 in response to the interstellar travel “challenge” of 
then-NASA Administrator Daniel Goldin. (Reprinted from Wallace (1999) with permission; 
Oi OOO TREE) decries tesicnetl ctaeleutesdalaesshesteves asactalelsestadale nated outhsastactestalebeteseatelestueakivastadanulvaiestbentiveshinester det 11-53 


Figure 11-7. Sail roadmap of 2016. Although some smaller projects (Nanosail-D2, 

Interplanetary Kite-craft Accelerated by Radiation of the Sun (IKAROS) of the Japan 

Aerospace Exploration Agency [JAXA], and LightSail 2 of The Planetary Society [TPS]) have 
successfully flown, they are still small and heavy compared to what would be required for 

the advertised sail for the Interstellar Probe sail mission. When compared with the 1999 
roadmap (Figure 11-6), the roadmap goals are largely unchanged, but the timetable has 
“slipped” by at least one to two decades, making technological readiness for flight as 

early as the 2030s a questionable proposition at the present time. (Image credit: NASA.).....11-57 
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1. Executive Summary 


Astronomical observations of the 20th century led to multiple shifts in our thinking about the 
scope and scale of the universe. The vast distances (>10 billion light years) and corresponding 
times scales (set by the finite speed of light) limit our knowledge of the universe—from the nearest 
stars to the largest galactic structures—to what can be ascertained from remote observations. 
These observations in turn are enabled by the fundamental particles and phenomena that travel 
at light speed, namely photons, neutrinos, and gravitational radiation. From these phenomena, 
the physical laws governing the interplay of matter and energy and the evolution of both, and 
clues provided by the highest energy cosmic rays, we have gradually constructed notional maps 
of our location in the grand scheme of the known universe (Figure 1-1). 


For just over the last 60 years, we have been exploring our way outward from the Earth with in- 
strumented spacecraft. From the Earth orbit of Sputnik, we have learned about conditions on the 
other bodies of the solar system as well as those in interplanetary space itself. Limited by propul- 
sion technology and spacecraft reliability and lifetime, our “design reach” has only recently been 
extended to the Pluto system and the Kuiper Belt Objects beyond. In the meantime, the Voyager 1 
and 2 spacecraft, designed for a 4.5-year mission lifetime (Draper et al., 1975; Kohlhase & Penzo, 
1977), have completed their 42nd year post launch, resulting in the twin Voyagers becoming the 
first probes to explore nearby interstellar space, but only by accident. 


Milky Way and Orion Spur 


Our Solar System 
and Debris Disk 


Galactic Supercluster Laniakea 


Figure 1-1. The grand scale of our place in the known universe as deduced from remote measurements 
that began with those of Hubble (1926) less than a century ago and were greatly expanded by the use 
of the Hubble Space Telescope named in his honor. 
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Figure 1-2. An interstellar probe mission to the interstellar medium would be daring, challenging, and 
inspirational to the public, and it will be a rational first step before attempting to reach another star. 
The units of the x-axis are astronomical units. 


In contrast, the Interstellar Probe mission represents Aumanity’s first deliberate step into the space 
between the stars (Figure 1-2). Such a robotic space mission has been under discussion since the 
beginning of the Space Age and the establishment of NASA. As at the beginning of most such un- 
dertakings, the implementation has proven more challenging than first thought, and the concepts 
brought forward have collectively become known as Interstellar Probe, a robotic, one-way mission 
into the local interstellar medium. Traveling beyond the Sun’s sphere of influence would open 
remarkable possibilities across NASA’s science divisions to explore the environment of the Milky 
Way and how its past state shaped the emergence of our own habitable solar system. Our own 
existence as a sentient species provides the only guidance on how to search for—and recognize— 
life elsewhere among the stars. Interstellar Probe would be NASA’s first dedicated mission to ven- 
ture into the space between our star and other potentially habitable planetary systems and rep- 
resents perhaps NASA’s boldest move to date in space exploration. 


The Johns Hopkins University Applied Physics Laboratory has been tasked by NASA to perform a 
study to determine the feasibility of a “pragmatic” interstellar mission—one that could be launched 
by the year 2030 and can utilize mature technologies at the time of development. The study began 
in calendar year (CY) 2018 (13 June 2018) and will continue through early CY 2022 (30 April 2020). 
The context for this current study is the next “Decadal Survey” effort for NASA’s Heliophysics Science 
Division. Guidance from the science community for NASA’s overall science program is provided every 
10 years via Decadal Surveys for each of NASA’s four science mission divisions: Planetary Science, 
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Astrophysics, Heliophysics, and Earth 
Science. The Interstellar Probe has 
been discussed in the past two Helio- 
physics Decadal Surveys (NRC, 2003, 
2013) and by the general community 
for long before (Simpson et al., 
1960). This current study is being 
supported by NASA to provide tech- 
nical input, which can be used for the 
deliberations of the next Heliophys- 
ics Decadal Survey, which will apply ay 
for the years 2023-2032. At the 
same time, NASA’s Science Mission 
Directorate has asked this study to 
assess what science across all of the 
divisions could be enabled with such 
a mission (see Figure 1-3). Recom- 


Heliophysics Planetary 
e Emergence 


ps of our Habitable 
Solar System \ 


Astrophysics 


eas Figure 1-3. Science investigations in multiple disciplines will 
mendations for specific science goals be enabled by an Interstellar Probe mission. 
and approaches are the responsibil- 


ity of the Decadal Survey efforts themselves. In contradistinction, this effort is to investigate what 
Interstellar Probe missions could technically be implementable within the time period through 2032. 
To do so, we have outlined and discussed—but not selected—notional, specific science goals, tar- 
get(s), and/or payload(s) and will continue to do so. 


This report provides a summary of activities beginning in June 2018 and covering our 1st Interstel- 
lar Probe Exploration Workshop in October 2018 through the end of fiscal year (FY) 2019 (leading 
up to, but not including, the 2nd Interstellar Probe Exploration Workshop). Section 2 of this report 
provides the motivation and historical background for an interstellar probe. The first of our Inter- 
stellar Probe Exploration Workshops, which assessed the state of knowledge and gathered infor- 
mation on “next steps” in the domains of interest, was held 10-12 October 2018 at The Explorer’s 
Club in New York City. The 2nd Interstellar Probe Exploration Workshop was held 16-18 October 
2019 at the same inspiring venue. A third and fourth workshop are planned for 16-20 November 
2020 (all virtual due to the COVID-19 pandemic) and November 2021 (exact dates to be deter- 
mined). The 2018 workshop provided the information for the sections on science, instruments, 
and science operations concepts (Sections 2—4). In this report Sections 5 and 6 provide examples 
of science traceability matrices, and a baseline model payload is shown. Both of these sections will 
be expanded in greater detail after discussions with the science community at the 2020 workshop 
and documented in the 2021 and final reports. The major engineering trade study is taking place 
in 2020; however, initial engineering ground rules and an initial survey of launch options are pro- 
vided in Section 7. One of the major challenges of an interstellar probe mission is to assure success 
for a mission requiring 50+ years. This challenge is composed of three elements: spacecraft relia- 
bility, sustaining the necessary ground segment infrastructure (including data management), and 
sustaining a team for such a long period. An initial analysis of some of these factors is given in 
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Section 8, but much of the spacecraft reliability and analysis of the ground segment will await the 
results of the engineering trade studies in 2020. Section 9, “Management,” describes the tasks as 
they relate to the Statement of Work, how the study is organized, and the study schedule. 


The work carried out in FY 2018 culminated in a broad outline of potential science goals that set 
the stage for developing the trade space that drove the engineering study in FY 2019 and will 
continue to do so in FY 2020. The science community will use the resulting documentation of the 
2018 and 2019 workshops, as well as the engineering trades being performed in FY 2020, to de- 
velop a consensus on an appropriate set of options for a “pragmatic” interstellar probe mission. 


1.1. Section 1 References 


Draper, R., Purdy, W., Cunningham, G. (1975) The Outer Planet Mariner Spacecraft. In 
Conference on the Exploration of the Outer Planets, American Institute of Aeronautics and 
Astronautics, St. Louis, MO. 

Kohlhase, C.E., Penzo, P.A. (1977) Voyager Mission Description. Space Science Reviews 21, 77. 
doi: 10.1007/bf00200846 

NRC (2003) The Sun to the Earth - and Beyond: A Decadal Research Strategy in Solar and Space 
Physics. Washington, DC: The National Academies Press. https://doi.org/10.17226/10477 

NRC (2013) Solar and Space Physics: A Science for a Technological Society. Washington, DC: The 
National Academies Press. https://doi.org/10.17226/13060 

Simpson, J.A., Chamberlain, J.W., Kraushaar, W., et al. (1960) Interim Report No. 3. Washington, 
DC: Space Science Board. 
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2. Introduction 


This effort, requested by the Heliophysics Division within NASA’s Science Mission Directorate 
(SMD), focuses on a pragmatic interstellar probe with the ability to operate at 1000 au and a 
design lifetime of 50 years and assesses its technical readiness for a launch in 2030 to help sup- 
port the next round of Decadal Surveys covering the time frame of 2023-2032. A large, interna- 
tional team of scientists is analyzing the compelling science goals and requirements, iterated with 
mission architectures led by a team at APL to find realistic solutions that close technically and 
scientifically. 


2.1. What Is “Interstellar Probe”? 


2.1.1. History 


An interstellar probe mission to the local interstellar medium (LISM) has been discussed and studied 
since 1960 by multiple teams, including the U.S. Simpson Commission in 1960 (Simpson et al., 
1960). The most recent studies have begun to recognize its critical importance for all three of 
NASA’s main science directorates, fueled by the crossing of the heliopause by Voyager 1 and 2, the 
New Horizons flybys of Pluto and Arrokoth (Stern et al., 2019), and the surveys of cosmic microwave 
background radiation (CMBR) by the Cosmic Background Explorer (COBE) and the Wilkinson Micro- 
wave Anisotropy Probe (WMAP). Perhaps most importantly, with the burgeoning number of ex- 
oplanetary systems found by Kepler/K2/Transiting Exoplanet Survey Satellite (TESS), a growing need 
is emerging for putting the solar system, the relic debris disk, and the surrounding heliosphere into 
the context of other exoplanetary systems and astrospheres. For example, a heliosphere like our 
own has likely never been observed because of its relatively low UV intensity at those distances, 
which has prevented detailed understanding of the habitable properties of the astrosphere and its 
stellar wind. Also, despite the decisive importance of understanding the circumsolar debris disk, its 
large-scale distribution remains unconstrained, preventing local ground truth for understanding 
planetary system formation and evolution in other circumstellar debris disks. 


The concept—and the reports generated by it over the years—is hardly new, and in the intervening 
past six decades human space exploration has progressed from orbiting an automated metal ball 
about our home world to humans on the Moon, to robotic flybys, orbiters, landers, and sample 
returns from throughout the solar system, and to five American space probes escaping the gravita- 
tional pull of the Sun, following the completion of their primary missions of planetary exploration. 


While the latter have made (Pioneer 10 and 11), are making (Voyager 1 and 2), and will continue 
to make (New Horizons) new discoveries regarding the outer reaches of our heliosphere and the 
interstellar space outside, none was designed with such tasks as their raison d'étre, but instead 
explored nearby galactic space following their completion of their primary missions of planetary 
exploration. All were designed, built, and flown as American missions by NASA. 
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As such, this effort takes a hard look at a subset of the science and tasks of many past studies, the 
most recent comprehensive one being that of the W. M. Keck Institute for Space Studies (KISS) in 
2014-2015 (Stone et al., 2015). 


It is important to note that new, enabling technologies for flight projects rarely, if ever, emerge in 
a timescale of less than a decade within NASA at the current budget levels to which NASA is subject 
for the foreseeable future. Estimating the cost of implementing such technologies is made even 
more uncertain, making upscope and descope options even more important, especially for a large, 
strategic mission (National Academies of Sciences et al., 2017), a categorization which will likely 
include this mission as well. 


The five previously mentioned, solar-system-escaping missions all are enabled by a triad of tech- 
nologies and their implementation. Improvements have been sought in each with substantial in- 
vestments of both time and money, but the planned-for/hoped-for paradigm shifts in perfor- 
mance have remained, and continue to remain, elusive. These technologies are propulsion, power, 
and communication. Given the constraints of this study vis-a-vis a near-term implementation time 
frame, we, therefore, have ruled out the consideration of using nuclear electric propulsion (NEP), 
radioisotope electric propulsion (REP), photon-pushed sails (solar or laser-powered), nuclear ther- 
mal propulsion (NTP), and other exotic means of propulsion, which have been discussed previously 
in the context of interstellar and interstellar precursor missions (cf., e.g., Chew et al., 2001; Millis, 
2010). Similarly, for power, we consider only radioisotope power systems (RPSs) and, of these, 
only General Purpose Heat Source (GPHS) Radioisotope Thermoelectric Generators (RTGs) and 
Multi-Mission Radioisotope Thermoelectric Generators (MMRTGs), both of which have application 
disadvantages but have been used on flight missions and are, in principle, available. Finally, for 
communication we consider Ka- and X-band radio systems; while these have their inherent limita- 
tions in bandwidth, the use of laser communications systems in deep space (beyond ~10 au) has 
yet to be demonstrated with the required pointing and timing accuracy required for multiple light- 
hour transmissions and data reception. 


Returning to propulsion, solar electric propulsion (SEP), while proven, has limitations on its effi- 
cient use for an interstellar probe as it is best used inside of Jupiter’s orbit. What we do investigate 
is the use of a large booster, which can accommodate multiple upper stages, usable either as part 
of the Earth-departure segment of the launch sequence or as high-thrust kick stages in deep space. 
While the latter is not typical and will require some engineering development, we judge it to be 
within the normal and “ordinary” engineering development required for any unique, scientific, 
deep-space mission. Although there are nominal commercial large rockets under development, 
e.g., the New Glenn (Blue), Big Falcon Rocket (BFR — SpaceX), we have baselined the Space Launch 
System (SLS) Block 1B Cargo for our point engineering studies due to the more readily available 
technical information and its currently planned (and apparently earlier) initial operation capability 
(IOC). Similarly, we have looked to operational upper stages, e.g., the Star series of Northrop 
Grumman, while also researching newer planned developments by other commercial vendors. 


It is important to note that the study does not purport to center on “the one and only” interstellar 
probe but rather on this mission as a first step to more advanced missions and capabilities, such 
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as described most recently in the KISS study (Stone et al., 2015). In addition to promising histori- 
cally groundbreaking discoveries, the Interstellar Probe necessitates a transformation in the pro- 
grammatics needed to accommodate lifetime, reliability, and funding requirements for this new 
type of multigenerational, multidecade operational mission. Paving the way for longer journeys 
utilizing future propulsion technologies, such as those not invoked here, the Interstellar Probe is 
the first explicit step we take today on the much longer path to the stars. 


This study is not—nor should it be—a replacement for a NASA Science Definition Team (SDT) or 
Science and Technology Definition Team (STDT). In the same vein as the KISS study (Stone et al., 
2015), we reached out to a team of scientists from multiple disciplines, including heliophysics, 
astrophysics, planetary sciences, and exoplanet science, to assay the current state of the art and 
level of interest in such a mission. We also attempted to gauge the interest not only within the 
“traditional” Heliophysics Division of SMD but also within the Planetary and Astrophysics Divisions 
as well. This community input has been sought and assembled to date via special sessions of the 
42nd Committee on Space Research (COSPAR) Scientific Assembly in Pasadena, California, in 
July 2018 and of the American Geophysical Union (AGU) meeting in Washington, D.C., in Decem- 
ber 2017 and 2018, as well as by the 1st Interstellar Probe Exploration Workshop held in October 
2018. In addition to adding to some of the thoughts already expressed at the KISS meetings, infor- 
mation was sought—and obtained—on the measurements, measurement techniques, and instru- 
mentation which would be required to address the various science questions raised. Throughout 
this current study and others before, the primary science goal revolves around how the helio- 
sphere interacts with the LISM. Secondary, or supporting, goals include opportunities for observ- 
ing Kuiper Belt objects (KBOs), the circumsolar dust disk, the extragalactic background light (EBL), 
and the solar system from afar as an analogy to an exoplanetary system reflecting the rapidly ex- 
panding and evolving sphere of exoplanet research. 


The approach has been, and continues to be, to provide a “menu” of scientific goals, questions, 
measurements, techniques, and instruments from which a credible and compelling mission could 
be assembled or a starting point for the same could be defined. The emphasis is on providing input 
which could be useful to a NASA-assembled SDT/STDT rather than on prejudging the choices they 
might make when “ordering” from such a “menu” (or deciding to look for another “restaurant” 
altogether). 


To make definitive progress on the technical issues within the amounts of funding available, we 
adopted the very capable, and successful, New Horizons spacecraft as an initial “cut” at a dedi- 
cated interstellar probe. This versatile spacecraft has known lifetime, power, and instrument pay- 
load capabilities for operation in deep space and so makes for a good starting point in assessing 
mission capabilities for a variety of rocket boosters and staging considerations. With a launch mass 
of 478.3 kg (wet, i.e., fully fueled at launch), the mass is about twice that of Pioneer 10 and 11, 
about half that of Voyager 1 and 2, and also about halfway between that of Ulysses and Parker 
Solar Probe, all deep-space-flyby or solar-orbit missions. 
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To scope out mission possibilities under the ground rules noted, we considered three trajectory 
options. Planetary gravity assists have become the part of the /ingua franca of solar system trajec- 
tory design. Complicated maneuvers involving multiple planets trade mission time against space- 
craft mass and onboard propulsive capability. Escape velocity from the solar system using a large 
launch vehicle from the Earth is just possible today at C3 ~153 km?/s*, for which the asymptotic 
speed would be approximately zero. It has been well known since the early 1960s (Minovitch et 
al., 1965) that an optimized gravity assist at Jupiter can provide a trajectory to the Sun, a fast 
trajectory from the Sun, or a significant plane change for a Sun-orbiting heliocentric trajectory. 
While multiple gravity assists at Jupiter as well as Saturn and/or Uranus and Neptune can, in prin- 
ciple, provide even faster escapes, there is a significant trade against the timing of the launch 
window, the Grand Tour opportunities of once every “176 years being the case in point (Flandro, 
1966). 


An interstellar probe by definition needs to escape the solar system rapidly, and we have a goal of 
reaching an asymptotic flyout speed of 20 au/year (~95 km/s). All of the trajectories under consid- 
eration employ a Jupiter gravity assist. The window for optimal transfers to Jupiter are set by the 
Jupiter’s synodic period of 398.88 days (~13 months), while the optimal orbit for targeting a given 
location on the celestial sphere by using a gravity assist occurs roughly every Jupiter revolution 
about the Sun, with a synodic period of 11.862 sidereal years (4,332.589 days). Hence, there are 
10.862~11 optimal Jupiter transfers per revolution of Jupiter about the Sun. The optimally availa- 
ble “aim points” are tied to Jupiter’s location and drift through heliolongitudes, but the pattern 
itself repeats, enabling an easy assessment of how the aim points vary with time. 


We have considered three different trajectory options to balance a long flyout time with minimal 
time spent in the inner solar system prior to escape. That is, we consider only direct-to-Jupiter 
flight transfers. The first two trajectory options considered both use prograde gravity assists at 
Jupiter. In the first, all stages are expended in the launch sequence at the Earth, placing the probe 
into a very high (C3 > 200 km/s’), hyperbolic escape orbit to Jupiter. In the second option, at least 
one of the upper stages in the launch stack is “held back” for use in a prograde burn at Jupiter. 
The flyout energy is now less but must still be above ~100 km2/s? in order to reach Jupiter directly. 
In addition, engineering modifications must be made as needed for the kick stage to survive the 
~1 yearlong Jupiter cruise and work reliably. 


The so-called “Oberth maneuver” (or “solar-Oberth maneuver”), first documented by Oberth in 
1929 (Oberth, 1970), makes use of the fact that the energy gain in a propulsive maneuver can be 
extremely large when the burn is made deep in the gravity well of the Sun when the probe speed 
around the Sun is already very high (the Option 2 trajectory can be considered as a “Jupiter- 
Oberth” maneuver for the same reason. In order to perform such a burn at very close distances to 
the Sun to maximize their efficacy, the orbital speed of the Earth imparted to the probe at launch 
(~29.8 km/s) along with the associated angular momentum must be removed. This is such a large 
speed that the only way of doing this currently is to “rebound” from Jupiter by using a retrograde 
Jupiter gravity assist prior to the Oberth burn at the Sun. The required launch C3s are ~110- 
120 km?/s*, depending upon the perihelion aim point. The complicating factor is the spacecraft 
and the kick stage must both be protected by a thermal shield up to, during, and after the burn 
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while the stack is close to the Sun. The closer the perihelion, the larger the potential boost for a 
given rocket stage and the larger (and hence more massive) the thermal shield—which drives the 
imparted speed change down. These trades drive families of configurations to an optimal closest 
approach to the Sun, and hence and optimal flyout speed, in a way that inherently ties together 
stage performance, mission design, and thermal shield design. While Option 3 provides the most 
apparent promise, it is also the most complex to analyze. An additional complication is that there 
is no way to actually run a full-up flight test without actually flying the mission. 


To make a first cut at addressing these trades and what performance could be achieved by a near- 
term mission, we have examined 39 different flight configurations across these three mission op- 
tions. This approach provides a first-order cut at disconnecting the mission performance from the 
payload and spacecraft configuration flown. 


These ingredients, along with some initial thoughts about long-term (up to ~50-year) mission plan- 
ning and functioning, have been presented to members of the study community via the meetings 
already mentioned as well as others, both domestic and international, both to socialize the con- 
cepts studied and to provide feedback useful for the next study phase. 


2.1.2. Interstellar Probe Science Goals 


As with its implementation, the science goals of an interstellar probe have undergone various for- 
mulation changes over the years. Initially focused on a variety of fields with measurements ena- 
bled by locations far from Earth (Despain et al., 1971; Ehricke, 1971; Parker, 1967), more realistic 
science goals were seen as building upon the then-upcoming Pioneer 10 and 11 missions (Dessler 
& Park, 1971). The first “integrated” set of goals came from the JPL Interstellar Precursor studies 
of the late 1970s (Jaffe et al., 1977) with extension to astrophysical goals as part of the thousand 
astronomical units (TAU) studies of the 1980s (Nock, 1987). By the time of the Holzer report 
(Holzer et al., 1990), the science goals stabilized and have endured since, while exact details and 
formulations have continued to vary (Stone et al., 2015). As with all missions, at some level the 
exact goals that set the basis for the Level 1 requirements of a confirmed mission tie to the partic- 
ularities of the instrumentation, mission architecture, and mission trajectory. Against this back- 
drop, one can nonetheless capture the essential, and generally agreed upon, science goals for an 
interstellar probe mission.? 


2.1.2.1. Primary Goal: Understand the Heliosphere as a Habitable Astrosphere 
The solar system is encased in a magnetic bubble spanned by the expanding solar wind. As it plows 
through galactic space, the properties of the solar wind and the interstellar environment shape 


It is worth noting that the earliest serious studies of interstellar travel led to the early conclusion that, given actual 
travel between the stars required greatly advanced technology (if it was even possible at all), physical travel would be 
so difficult that only radio communication with other intelligent lifeforms in the galaxy would be possible (Sagan, 1963; 
von Hoerner, 1962). This led to the early investigations loosely captured as communication with extraterrestrial intel- 
ligence (CETI), since rebranded as the search for extraterrestrial intelligence (SETI). While the notion of actually trav- 
elling to other star systems continues to surface (e.g., Tollefson, 2016; Weinstein-Weiss et al., 2018), even the propo- 
nents agree that this is an activity which will not be possible for decades, and so it is well outside the scope of the 
effort under consideration here. 
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this “heliosphere,” which is the astrosphere of our Sun. The complex processes at its interface 
shield the solar system from the very high energy cosmic rays that otherwise would have bom- 
barded and affected the chemical evolution of the planetary atmospheres. Despite its crucial im- 
portance for understanding the physics and habitability of our “astrosphere” and others out there, 
its global structure and astrophysical processes continue to be mysteries that can be solved only 
by flying a probe with comprehensive plasma and fields measurements through the interface re- 
gion and imaging the heliosphere from the outside in UV and energetic neutral atoms (ENAs). 


2.1.2.2. Supporting Goal: Understand the Origin and Evolution of Planetary Systems 

The solar system was formed from a collapsing nebula of dust and gas, where gravitational accre- 
tion and collisions formed rocky asteroids, icy comets, and KBOs in the protoplanetary disk (PPD), 
then planets and moons as most these objects merged and accreted further. The relic planetesi- 
mals of this era of formation in the first 100 Myr, i.e., the small bodies that did not become planets 
and moons, were relegated to the asteroid and Kuiper belts and the Oort cloud. Further sculpting 
and diminution of these relic populations occurred as the planets migrated and scattered most of 
the remnants to produce the belt substructures we see today. During all these processes—plane- 
tary formation, planetesimal scattering, relic body evolution—secondary dust from the bodies is 
created due to impacts, grinding, and sputtering. Much of this dust is emitted into circumsolar 
orbits, creating and supplying the solar system’s debris disk. This disk extends from inside the orbit 
of Mercury (the so-called “F-ring”) to the heart of the Kuiper Belt (as recently detected by New 
Horizons (Poppe et al., 2019)). Similar debris disks have been observed around thousands of other 
stars and similarly hold immense information on how exoplanetary systems form and evolve. How- 
ever, almost nothing is known about the large-scale structure of our own circumsolar debris disk 
since we live inside it and foreground emissions obscure its overall structure. Therefore, there is 
no local ground truth for the critical interpretation of other circumstellar disks. By implementing 
a relatively simple low-mass and low-power dust detector and infrared camera instrument suite 
onboard Interstellar Probe, the 3D structure of the debris disk can be captured and the bottleneck 
in our understanding planetary system formation and evolution can be removed. 


The recent New Horizons flyby of the Pluto and MU69 KBO systems has returned an incredible 
wealth of knowledge about these objects and revolutionized our understanding of the Kuiper Belt. 
Just as we have built up our understanding of the diversity of objects in the main asteroid belt by 
repeated close flybys of individual objects by spacecraft on their way to outer solar system desti- 
nations (e.g., Galileo/Gaspra, ROSETTA/Steins), an interstellar probe can allow us to have the third 
(and potentially fourth and fifth) flybys of a KBO ever accomplished. Plotting an interstellar probe 
trajectory to allow flyby observations of several key KBOs, especially types of KBOs not yet encoun- 
tered (ones in the 100-km-radius size range and giant non-resonant KBOs), would greatly expand 
our knowledge of their properties and provide direct insight in to the detailed formation processes 
of the Kuiper Belt itself. 


2.1.2.3. Supporting Goal: Explore the Universe Beyond the Circumsolar Dust Cloud 


Just as the CMBR contains huge amounts of diagnostic information that has allowed us to revolu- 
tionize our understanding of the Big Bang and the era of our universe’s formation, the cosmic 
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infrared background radiation (CIBR) contains huge amounts of diagnostic information about the 
era of galaxy formation. However, the light from the nearby relic debris disk dust, (a.k.a. the “zo- 
diacal” cloud or “Zody”) not only obscures its larger structure, but also completely overwhelms 
the remnant light in the diffuse cosmic backgrounds produced in the time when galaxies first 
formed. This may be the biggest stumbling block in experimental astrophysics today since it leaves 
theories of galaxy and stellar formation without any constraints. An interstellar probe carrying a 
simple infrared mapping spectrometer (the same relatively simple infrared detector used for de- 
termining solar system’s debris disk structure) to outside the zodiacal cloud (i.e., well outside its 
relic planetesimal source regions in the Main Asteroid Belt and the Kuiper Belt) would thus elimi- 
nate the local foreground Zody emissions and help unveil the early universe of the first stars and 
galaxies by making the first truly unobscured CIBR measurements. 


2.2. Scope of this Study 


This study is built upon certain guiding principles: launch in the decade 2023-2033, return valu- 
able science to Heliophysics Division and also to the Planetary Science and Astrophysics Divi- 
sions of the NASA SMD, and maintain a programmatic and mission architecture that controls 
cost and cost risk. These principles led to decisions made by the study leadership to ensure that 
NASA’s investment would be in the mission itself and not into speculative technologies with un- 
certain maturation dates. A small spacecraft, built upon conventional architecture and with con- 
ventional technology, can be readied for launch in the next decade and return the promised sci- 
ence value without incurring the cost overruns that have plagued recent missions (Chaplain, 
2016, 2017, 2018, 2019; National Academies of Sciences et al., 2017). These decisions made by 
the study team defined the scope of the study in the following ways: 


e Launch vehicle: NASA’s SLS is the baseline launch vehicle for Interstellar Probe. The study 
team worked closely with the SLS payload accommodation team to determine SLS’s capabil- 
ities for high-escape-velocity (characteristic energy, or “C3’) configurations. SLS has enor- 
mous capacity for lift in its first and second stages. This study delves into SLS’s high C3 capa- 
bility by adding existing systems as upper stages in the analysis (Ralph L. McNutt et al., 2019). 

e Power system: This study considers the GPHS-RTG and MMRTG as power sources for the 
mission. The RPSs used over the past few decades, from the Galileo mission to Jupiter to 
the Mars Curiosity rover, have enabled significant advances in space science and explora- 
tion. The current supply of 238-Pu and the maturity of existing RPS heat-to-electricity con- 
version technologies make them suitable candidates for the Interstellar Probe spacecraft 
power supply (R. L. McNutt, Jr. et al., 2015). Although NASA is making investments in new 
technologies for power conversion for RPSs (Zakrajsek, 2019), none of these are expected 
to be mature enough in the Interstellar Probe launch window to be acceptable for a large 
strategic mission with a multidecade mission time line. 

e Payload mass: The payload mass was fixed at 60 kg. The history of the Parker Solar Probe 
notional payload mass through decades of mission studies (Anderson et al., 1976; APL, 
2008; Averell et al., 1965; Axford et al., 1995; De Moraes & Gage, 1965; Feldman et al., 
1989; Fox et al., 2015; Gloecker et al., 1999; Gloeckler et al., 1999a; Gloeckler et al., 1999b; 
Hall et al., 1962; Haviland, 1958; Lundholm et al., 1964; Martin, 1965; McComas et al., 
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2005; McComas et al., 2008; R. L. McNutt et al., 1995; Mdbius et al., 2000; Neugebauer & 
Davies, 1978; J. E. Randolph, 1996; J. R. Randolph, 1978; Staehle et al., 1999), resulted ina 
wide-ranging set of estimated mission costs. This tight tracking and control of mass was 
crucial to programmatic success. This study hopes to employ the same discipline as the 
contents of the payload evolve. 

Spacecraft model: New Horizons was used as a model for the spacecraft for this study 
(Fountain et al., 2008). The power level, launch mass, and payload accommodation allow 
the parameters above to be met while promising a realizable mission. The success of New 
Horizons through both the Pluto encounter (Stern et al., 2015)and the recent KBO flyby 
(Stern et al., 2019) show that significant science can be done from a platform at that size. 


Each of these defining points must be revisited as the concept of a pragmatic interstellar probe 
mission matures. Refinement of the science return, the instruments comprising the model pay- 
load, the spacecraft system and engineering, the trajectory analysis, and the mission concept of 
operations will reduce uncertainties and the resultant programmatic risk. 


The scope of this study includes the following: 


Analysis of the SLS capability to achieve the high C3 required for Interstellar Probe, includ- 
ing the addition of upper stages 

Definition of a multidisciplinary science return, including identification of current-design 
payload components that address the science goals 

Trajectory analyses to determine a path to achieving 1000 au over a 50-year mission with 
conventional propulsion technology, including the option of a solar-Oberth maneuver 
Analyses to determine a materials-based limit for the perihelion distance for a solar- 
Oberth maneuver 

Design studies to bound the size and mass of a shield to protect the system during a pos- 
sible close approach to the Sun, including multiple existing kick-motors, across a range of 
perihelion distances 

Design study to determine the launch mass of the various configurations considered above 
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3. The Compelling Science Cases 


Our star is one of a hundred billion stars in the galaxy that plows through the interstellar gas— 
plasma and dust made up of the material from supernova remnants. With its dynamic solar wind, 
the Sun carves out the enormous habitable magnetic bubble harboring the solar system we live 
in. The unique interaction responsible for upholding the boundary of the heliosphere, also appli- 
cable to the vast range of other astrospheres in our galaxy, represents one of the most outstanding 
problems in space physics today. Beyond the heliosphere, the unexplored local interstellar me- 
dium (LISM) presents a completely new territory that is decisive for the heliospheric interaction 
and holds the key to understanding our galactic home. 


An interstellar probe traveling far beyond the heliopause (HP) would represent humanity’s first 
deliberate step into the galaxy and would perhaps be the boldest move in space exploration since 
humans landed on the moon. The realization that Earth-like planets may exist elsewhere fuels our 
drive to understand, now more than ever, the origin of our habitable solar system, harbored by 
the heliosphere plowing through interstellar space. 


Voyager 1 and 2 have uncovered mysteries at the heliospheric boundary that are forcing a com- 
plete reassessment of the fundamental plasma physics in this astrophysical regime. From deep 
inside the heliosphere, imaging from the IBEX and Cassini missions has revealed completely unex- 
pected features that remain unexplained. New Horizons has explored the farthest object ever vis- 
ited by a robotic spacecraft, and this object is only the tip of the iceberg of Kuiper Belt Objects 
(KBOs) and dwarf planets that hold the key to understanding planetary system formation. Alt- 
hough the large-scale structure of our circumsolar debris disk remains hidden from vantage points 
inside the zodiacal cloud, the Atacama Large Millimeter/submillimeter Array (ALMA) has recently 
revealed surprisingly young and structured circumstellar disks, implying that theories of planetary 
system formation will have to be revised. Also, the diffuse extragalactic background light accumu- 
lated from all the red-shifted light of early galaxies holds the key to understanding the formation 
of these galaxies shortly after the Big Bang, but is again obscured by the zodiacal cloud. 


Below is a discussion of the science goals for and the example questions pertaining to an interstel- 
lar probe across heliophysics, planetary physics, and astrophysics that builds on current results 
from missions, previous studies, and a series of community workshops and meetings, including 
the Committee on Space Research (COSPAR), the American Geophysical Union Fall Meeting, and 
the Interstellar Probe Workshop in New York City in October 2018. Measurement approaches and 
the current state of instrumentation that could meet the science requirements are summarized 
at the end of the section to demonstrate that closure could be achieved with today’s instrument 
technology. 
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3.1. Primary Science Goals: Understand Our Heliosphere as a Habitable Astro- 
sphere and Its Place in the Galaxy 


3.1.1. Outstanding Science Questions 


3.1.1.1. What Is the Global Nature of the Heliosphere? 


Despite decades of studies, we still do not understand the global heliosphere, the space in our 
galaxy carved by the Sun and its expanding solar wind. The heliosphere presents a unique oppor- 
tunity to study in detail the only accessible (for now) example of a fundamental and common as- 
trophysical phenomenon—formation of an astrosphere around a star (Figure 3-1). Current in situ 
and remote-sensing observations continue to generate more puzzles challenging our view on the 
heliosphere. The structure of the heliosphere results from the complex interaction of space plas- 
mas of different origins—solar and galactic. This interaction involves the solar wind plasma and 
solar magnetic field, interstellar medium (ISM) plasma and magnetic field, ISM neutral particles, 
solar energetic particles, and galactic cosmic rays (V. V. Izmodenov, 2009; M. Opher, 2016; 
Pogorelov, Fichtner, et al., 2017; Zank, 1999). Incoming interstellar hydrogen atoms charge ex- 
change with solar plasma protons in the heliosphere. This key process determines the size of the 
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Figure 3-1. As our type-G2V star plows through the galactic interstellar medium, it forms the habitable 
astrosphere harboring the entire solar system we live in. Of all other astrospheres, one of our habitable 
type has never been observed, and yet we are only at the very beginning of uncovering our own. An 
interstellar probe through the heliospheric boundary into the LISM would enable us to capture its global 
nature and would represent humanity's first step into the galaxy, where unpredictable discoveries await. 
Images courtesy of NASA, except “Sun’s Local Environment” (Rosine Lallement, 2020). 


3-2 


INTEFSTELLAS 


PROBE 


NASA Task Order NNNO6AA01C 


heliosphere and solar wind properties at large distances from the Sun. lons born in a charge-ex- 
change process are picked up by the solar wind and become energized. Energetic particles in the 
outer heliosphere dominate the pressure balance. This in particular creates a unique plasma re- 
gime in the heliosheath, the outermost layer of the heliosphere, which is filled with energetic par- 
ticles. The solar magnetic field pervading the heliosphere was found to play an important role in 
the 3D shape of the heliosphere. A predominantly azimuthal magnetic field leads to collimation of 
the solar wind flow in the heliosheath toward the solar rotation axis (V. V. IZmodenov & Alexashov, 
2015) and can produce a “croissant”-like shape of the heliosphere (M. Opher et al., 2015). Other 
studies suggest that magnetic reconnection of the sector solar magnetic field can result in a com- 
plex heliosheath structure and allow mixing of interstellar and solar matter (Swisdak et al., 2013). 
Solar activity changing with the solar cycle creates temporal variations in the heliosphere. Varying 
solar wind dynamic pressure causes motions of the heliosphere boundaries, creating a “breathing” 
heliosphere (V. Izmodenov et al., 2005; V. V. Izmodenov et al., 2008; Pogorelov et al., 2009; 
Provornikova et al., 2014; H. Washimi et al., 2011). 


From outside, the heliosphere shape is affected by the interstellar magnetic field (ISMF) (B-field). 
Its direction and magnitude far away from the heliosphere (presumably >500 astronomical units 
[au]) are poorly constrained. The only existing estimates are from extrapolation of in situ Voyager 
measurements of B-field just outside the heliosphere (within few tens of astronomical units) or 
from remote-sensing energetic neutral atom (ENA) and Lyman-alpha observations. Voyager 1 en- 
tered the ISM in August 2012 and has provided the first direct measurements of the LISM B-field 
within ~25 au from the heliosphere boundary. Voyager 1 observed draped ISM B-field with the 
average magnitude <B> ~ (0.48 + 0.04) nT (Burlaga & Ness, 2016), which is significantly stronger 
than the magnetic field in the heliosheath of ~0.1 nT. Voyager 2 joined Voyager 1 on its interstellar 
journey in November 2018 and observed B-magnitude <B> of ~0.7 nT. The fact that both Voyager 
spacecraft show no change in B-direction in the ISM compared to B-field inside the heliosphere 
was completely unexpected. The direction remained dominantly azimuthal after HP crossing 
(Burlaga, Ness & Stone, 2013), while the ISM field is thought to be inclined to azimuthal direction. 
The magnitude of the ISM B-field inferred from IBEX ENA data is ~0.25—0.3 nT (Heerikhuisen et al., 
2014). Different magnetic field magnitudes from in situ and remote observations suggest that 
there may be variations of B-field in the ISM due to the presence of the heliosphere. Among the 
top scientific objectives of the Interstellar Probe is to characterize the complex interactions of the 
plasma, magnetic field, and neutral interstellar gas taking place from ~30 au (the distant super- 
sonic solar wind) through the interaction region out to the pristine ISM. Voyager’s in situ meas- 
urements of the magnetic field and plasma waves, as well as its observations of charged particles 
(suprathermal tails, anomalous cosmic rays [ACRs], and galactic cosmic rays [GCRs]), provided a 
glimpse of these phenomena (Burlaga, Ness & Stone, 2013; Krimigis et al., 2013; E. C. Stone et al., 
2013). 


Although it is well understood now that pickup ions (PUls) are one of the most important compo- 
nents in the outer heliosphere, their role in the solar wind heating and energy partition at the ter- 
mination shock (TS) and transient shocks is hotly debated. An additional open question is the sources 
of “inner-source” PUIs throughout the solar wind and the mechanisms of their origin. The Solar Wind 
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Around Pluto (SWAP) instrument on New Horizons made observations of the suprathermal PUls in 
the outer heliosphere beyond Jupiter’s orbit for the first time. PUls dominate the thermal solar wind, 
with PUI pressure typically being larger than the thermal solar wind and magnetic pressure (D. J. 
McComas et al., 2017). PUls strongly mediate the structure of shocks in the outer heliosphere 
(Mostafavi et al., 2017, 2018). Even though PUls are only a few percent of the total proton density 
at a shock, they contain most of the internal particle pressure (Zirnstein, McComas, et al., 2018). 
Although New Horizons measures PUls, the spacecraft likely will lose its power before reaching the 
heliosheath, where PUls play a dominant role and were not measured by Voyager 1 and 2. Global 
modeling of the heliosphere interaction with the ISM with kinetic treatment of PUls (Malama et al., 
2006) showed that in the presence of PUls, the heliosheath becomes thinner, in agreement with 
Voyager observations. A recent study by Merav Opher et al. (2018) suggests that PUls play a critical 
role in the energy flow in the outer heliosphere, deflating the heliosphere and producing a smaller 
and rounder shape. Determining relative pressures of particles and fields (thermal solar wind, ther- 
mal interstellar plasma, local and transmitted PUls and the magnetic field) with comprehensive 
measurements throughout the heliosphere boundary regions will aid in understanding the key pro- 
cesses determining this region. 


Since early hydrodynamic models, the heliosphere was viewed having a comet-like shape (Baranov 
et al., 1970; Baranov & Malama, 1993). Modern kinetic-magnetohydrodynamic (MHD) models 
show a similar type of heliosphere shape, with the tail extending to thousands of astronomical 
units (V. V. IZmodenov & Alexashov, 2015; Pogorelov, Fichtner, et al., 2017) (Figure 3-2, left and 
right panel). However, another scenario was suggested by M. Opher et al. (2015); Merav Opher et 
al. (2018), where the heliosphere has a croissant-like shape with two jets of the solar wind con- 
fined by the solar magnetic field (Figure 3-2, center panel). ENA imaging on the Cassini/INCA and 
IBEX missions points to two different shapes of the heliosphere (Figure 3-3). INCA observations of 
high-energy ENAs in 10-45 keV indicates that the heliosphere has a quasi-spherical shape with no 


Figure 3-2. The global physical nature of the heliosphere eludes our understanding and requires new phys- 
ics to be incorporated in models. (Left) A 3D kinetic- MHD model by the Moscow group showing the heli- 
osphere with the tail (reproduced from V. V. IZmodenov and Alexashov (2015) with permission; © AAS). 
(Center) “Croissant”-like heliosphere with two jets (reproduced from M. Opher et al. (2015) with the 
permission of AIP Publishing). (Right) A 3D global model with solar cycle variations showing the helio- 
sphere with the tail (reprinted from Pogorelov, Fichtner, et al. (2017) with permission; © 2017 Springer). 
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Figure 3-3. Remote ENA observations from inside the heliosphere by IBEX (left) (from D. J. McComas, 
Allegrini, Bochsler, Bzowski, Christian, et al. (2009); reprinted with permission from AAAS) and Cassini 
(right) (reprinted from Dialynas et al. (2017) with permission; © 2017 Springer Nature Limited) yield dif- 
ferent global pictures. IMAP will close the gap on this inconsistent understanding with improved instru- 
mentation (D. J. McComas et al., 2018). The decisive observations will be made by the Interstellar Probe 
traversing the interaction boundary into the LISM, where ENA images will provide the first external view 
of our own habitable astrosphere. 


tail (Dialynas et al., 2017). IBEX ENA observations show a signal from the downwind direction (op- 
posite to the heliosphere “nose”) persistent over a solar cycle. This signal was interpreted as com- 
ing from an extended heliospheric tail (Schwadron & Bzowski, 2018). Different models and obser- 
vations point to different hypotheses about the shape of the heliosphere. The community is in 
need of new dedicated measurements to understand the physical nature of the interaction be- 
tween the Sun and the LISM and to resolve these important problems. 


It has been established that the interface at the heliosphere edge consists of the TS, where the solar 
wind slows down, and the HP, the boundary separating hot solar wind and cold interstellar plasma. 
The TS location was predicted to be ~90 au (Baranov & Malama, 1993) a decade before Voyager 1 
and 2 crossed the TS at 94 au (Voyager 1; December 2004) and 84 au (Voyager 2; August 2007). 
Voyager discovered that across the TS, 80% of the solar wind kinetic energy upstream was trans- 
ferred into the suprathermal component in the heliosheath, the PUls (John D. Richardson et al., 
2008). Heliosheath thermal plasma turned out to be much cooler (by an order of magnitude) than 
expected. The heliosheath is dominated energetically by PUls. Voyager 1 and 2 were not capable of 
measuring PUls, leaving a gap in particle measurements with suprathermal energies between ~1 keV 
(thermal plasma) and 40 keV. The TS is the largest shock in the heliosphere and was expected to play 
a major role in acceleration of ACRs. However, Voyager presented evidence that ACR intensities 
continued to increase as the spacecraft traveled farther into the heliosheath (Figure 3-4) (Cummings 
et al., 2009; Decker et al., 2008). The role of the TS and heliosheath in ACR acceleration and how 
thermal plasma, PUls, ACRs, and waves affect the TS structure are still open questions. 


While current models reproduce the location of the TS, their HP location is much farther than 
Voyager 1 and 2 observed. Voyager 1 crossed the HP in August 2012 at the distance ~122 au, which 
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Figure 3-4. Acceleration at the TS and unexpected unfolding ACR intensities in the heliosheath. The two 


vertical dotted lines mark the times of the TS crossing by Voyager 1 and Voyager 2 (reprinted from 
Edward C. Stone et al. (2008) with permission; © 2021 Springer Nature Limited). 


is 28 au past the TS crossing. Very recently, comparison of data on different instruments on Voy- 
ager 2 showed that the spacecraft crossed the HP at the distance 119 au in November 2018, which 
is 35 au past the TS crossing. Voyager 1 and 2 are traveling roughly 30° above and below the eclip- 
tic plane. Although the two Voyager spacecraft are separated by 60° in heliolatitude and ~170 au 
in distance, the HP crossing distances are remarkably similar. This suggests that the HP could be 
quasi-spherical in the upwind (toward the ISM inflow direction) with the radius ~120 au (Roelof, 
Fall AGU 2019 poster). Both Voyager spacecraft revealed that the thickness of the heliosheath is 
~30 au. This is smaller, by at least a factor of two, than predicted by existing state-of-the-art global 
models of the heliosphere, which give a thickness of 50-60 au (V. V. IZmodenov & Alexashov, 2015; 
M. Opher et al., 2015; Pogorelov, Fichtner, et al., 2017). Although different ideas to explain a thin 
heliosheath were pursued (Gloeckler & Fisk, 2015; V. V. Izmodenov et al., 2014; Malama et al., 
2006; Merav Opher et al., 2018), acomplete physical picture of the heliosheath eludes description. 
The shape of the heliosphere, the structure of its boundary, and the physical nature of the heli- 
osheath remain the most outstanding questions in heliophysics. 


Unexpected Heliosphere Boundary—Not a Surface 


A traditional view of the HP was that it is a tangential discontinuity separating solar wind plasma 
and interstellar plasma flowing along the HP surface. However, Voyager in situ observations 
showed that the HP is not an ideal boundary but instead has so-called “porous” structure. Begin- 
ning on day 210 of 2012, Voyager 1 measured a series of dropouts in the intensities of energetic 
particles that originated in the heliosphere: ACRs (Krimigis et al., 2013). At the same time as the 
dropouts, abrupt increases in the GCR particles that originated outside the heliosphere and an 
increase in the magnetic field intensity were observed (Burlaga & Ness, 2013). Finally, on around 
day 238, the ACRs dropped to noise levels and the GCRs underwent a final increase (Figure 3-5). 
Both have since exhibited no significant variations, which indicated that Voyager 1 crossed the HP. 
Similar but not identical changes in particles were observed during Voyager 2’s HP crossing in No- 
vember 2018 (Figure 3-5). This similarity in energetic particle behavior at HP crossings that are 
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Figure 3-5. The Cosmic Ray Subsystem instrument on Voyager 1 and 2 observed similar increases in 
cosmic rays and decreases in lower energy particles as both spacecraft exited the heliosphere. Cosmic 
rays originate outside the heliosphere, and lower energy particles originate inside. (Image credit: 


NASA/JPL-Caltech.) 


170 au apart is remarkable. Several theories were explored to understand a complex interplay 
between magnetic fields and energetic particles at the heliosphere boundary. Swisdak et al. (2013) 
presented a model of the HP crossing at Voyager 1’s location that produced particle and magnetic 
signatures consistent with the observations and concluded that Voyager 1 had entered interstellar 
space. There were other explanations, including time-dependent instabilities (Florinski, 2015), flux 
transfer events (Schwadron & McComas, 2013b), and turbulence reconnection (Grygorczuk et al., 
2014). 


However, absence of dedicated direct measurements of thermal plasma, and especially of PUIs 
(Figure 3-6), left many questions unanswered. Additionally, the expected change in magnetic field 
direction was not observed, nor was the expected turbulence of the field. In fact, the magnetic 
field was exceptionally smooth after and beyond the crossings. Was the boundary that both Voy- 
ager spacecraft crossed at ~120 au the HP? Or could it be that the HP is well beyond the current 
locations of Voyager 1 and 2? (Fisk & Gloeckler, 2013; Gloeckler & Fisk, 2015, 2016). While even 
now it is generally believed that both Voyager spacecraft have crossed the HP, IBEX and Cassini 
observations of ENAs (Dialynas et al., 2017; Galli et al., 2016) provide evidence that Voyager 1 and 
2 have not yet crossed the HP but rather entered and thus discovered an entirely new plasma 
interaction region (Fisk & Gloeckler, 2013). 


Unexplored Hydrogen Wall around the Heliosphere and Other Astrospheres 


The hydrogen wall (H-wall) is a dense layer of hydrogen formed in the very local interstellar me- 
dium (VLISM) in front of the heliosphere (Figure 3-7, left). The ISM plasma is slowed down and 
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diverted around the heliosphere. An H-wall is created 
by Hatoms that originate in a charge exchange be- 
tween ISM H and decelerated ISM plasma. The H-wall 
was first predicted by models of the outer heliosphere 
(Baranov & Malama, 1993). Analogously to the H-wall, 
there is an oxygen wall of secondary interstellar oxygen 
atoms that originated in a charge exchange between 
oxygen ions and hydrogen (V. Izmodenov et al., 1997). 
Heliosphere H-wall absorption was discovered for the 
first time by Jeffrey L. Linsky and Wood (1996) in the 
Lyman-alpha spectra toward Alpha Centauri measured 
by the Goddard High Resolution Spectrograph/Hubble 
Space Telescope (HST) (Figure 3-7, right). The presence 
of an H-wall was inferred from Voyager UVS Lyman-al- 107 ere on 
pha data (Eric Quémerais et al., 2000). Recent analysis V, Speed (cm s"') 
of Voyager 1/UVS data suggests that there could be a 
dense layer of hydrogen atoms near the HP (Katushkina Figure 3-6. The relatively narrow energy 
et al., 2017). The layer produces a contribution to the ‘anges measured by the Voyager mission 
Lyman-alpha emission in agreement with observations. nave kote significant eubiuaartet anerene 
Lyman-alpha data from New Horizons/Alice also sug- eee ee eee 
Ae se osphere. (Image courtesy of G. Gloeckler.) 
gest the presence of an additional source of emission— 
near the heliosphere or more distant—with brightness of ~40 R (Gladstone et al., 2018). The HST 
found evidence of the presence of an H-wall around other stars, indicating that the H-wall is a 
common phenomenon for astrospheres. The most relevant example is the H-wall detected by (B. 
E. Wood et al., 2004) and around Alpha Centauri A and B by line-of-site absorption measurements. 
Although these observations are sufficient for a positive detection of an H-wall, the statistics are 
too low to construct an image of the astrosphere around the Alpha Centauri binary system. With 
the orbital period of A and B of 79.91 years and their separation range between 11 and 35 au, it 
would indeed make for a very intriguingly dynamic astrosphere. 
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The H-wall was never observed in situ, and its properties (e.g., spatial extension, shape, enhance- 
ment of hydrogen [and oxygen] in H-wall [O-wall] compared to pristine ISM) are not known. One 
of the important questions is how far the influence of the heliosphere extends into the ISM in 
different directions, toward the nose, sides, and tail. Another open question is how the H-wall 
outside the HP is related to similar structures detected around other astrospheres. Observations 
of backscattered Lyman-alpha emission from hydrogen outside of the heliosphere on Interstellar 
Probe will provide unique information about global distribution of H atoms near the heliosphere 
in the H-wall and farther away in the local interstellar cloud (LIC). 


Depending on the ISM parameters (speed, magnetic field strength, temperature), the bow shock 
may form or not in the VLISM ahead of the heliosphere (D. J. McComas, Alexashov, et al., 2012; D. 
J. McComas, Dayeh, et al., 2012; Zank et al., 2013). Bow shock structure can also be influenced by 
the charge-exchange process between plasma and neutral particles. 
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Figure 3-7. (Left) Hydrogen density enhancement in the hydrogen wall around the heliosphere (Balogh 
& Izmodenov, 2005; Baranov & Malama, 1993; Baranov & Malama, 1995; Gruntman et al., 2001). (Right) 
Hydrogen Lyman-alpha line shape observed toward a late-type star by the Hubble Space Telescope. 
Excess absorption on the blue and red sides indicates the presence of astrospheric and heliospheric H- 
wall absorption, respectively (Brian E. Wood, 2004). 


Puzzling Interactions at Heliosphere Boundary Imprinted in ENA Sky Images 


ENAs emanate from any hot plasma embedded in a cold neutral gas, and these atoms can be used 
to image the plasma from remote vantage points. In addition to the spatial information about the 
plasma, ENA images contain information about its composition, energy distribution, and bulk ve- 
locity. ENAs that originate in the outer heliosphere beyond the TS carry important information 
about interaction between the solar wind and ISM. ENAs are produced in a charge exchange be- 
tween energetic plasma ions and ISM neutrals. The IBEX mission and the INCA instrument on Cassini 
produced all-sky ENA flux maps over a wide energy range. IBEX images ENAs with energies of 0.2— 
4.3 keV from 1 au (D. J. McComas, Allegrini, Bochsler, Bzowski, Collier, et al., 2009). Cassini/INCA 
measured ENAs in a higher energy range (5.4-55 keV) (Krimigis et al., 2009) in orbit about Saturn. 
IBEX discovered a completely unpredicted narrow ribbon of ENA emission in 1 keV coming from the 
outer heliosphere (D. J. McComas, Allegrini, Bochsler, Bzowski, Christian, et al., 2009). Cassini/INCA 
data revealed an ENA belt in energies around 4—13 keV (Figure 3-8). The IBEX ribbon appears to be 
ordered by the ISM B-field outside the heliosphere, e.g., ribbon ENAs are coming from regions 
where the radial component (with respect to the Sun) of the LISM B-field is zero (Schwadron et al., 
2009). Over a dozen different mechanisms for ENA ribbon formation have been proposed (D. J. 
McComas et al., 2014). Among them is a model in which ribbon ENAs are produced outside of the 
heliosphere (in the “outer heliosheath”) via the formation of PUIs from neutral solar wind and a 
second charge exchange that creates the returning ENAs (Heerikhuisen et al., 2009). One key chal- 
lenge for this model is how the PUls are retained long enough either close to 90° in pitch angle or 
spatially to produce the observed ribbon intensity, which has been addressed with several pro- 
posed competing mechanisms (Gamayunov et al., 2010; Giacalone & Jokipii, 2015; Isenberg, 2014; 
Schwadron & McComas, 2013a). The Cassini/INCA ENA belt in the sky is organized similarly to (but 
not perfectly with) the IBEX ribbon. Where and how the IBEX ribbon and INCA belt are produced 
and the relationship between these sources is a hot debate in the community. Also, all-sky maps 
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Figure 3-8. Global distributions of ENAs reveal complex interactions between the solar wind and ISM. 
The origin of the bright ENA ribbon (B) and its relationship to the ENA belt seen by INCA are open 
questions. Observations from IBEX-Lo (A), IBEX-Hi (B), and Cassini/INCA (C) are shown (from D. J. 
McComas et al. (2018)). 


from IBEX show a diffuse signal of global ENA emissions, known as the globally distributed flux, 
which appeared around the IBEX ribbon (Schwadron et al., 2009). Several studies have suggested a 
number of possible sources for the globally distributed ENAs: transmitted and reflected solar wind 
ions in the inner heliosheath, and transmitted, reflected, and injected PUls in the heliosheath and 
beyond the HP (Desai et al., 2014; Zirnstein et al., 2014). Although the energy spectra of globally 
distributed ENAs were established in the energy range from 0.1 to 6 keV by IBEX observations 
(Fuselier et al., 2012; Fuselier et al., 2014), the source of low-energy (~0.05—0.5 keV) ENAs is still 
not understood (Gloeckler & Fisk, 2015; Zirnstein et al., 2014; Zirnstein, Kumar, et al., 2018). 


The upcoming IMAP mission to be launched in 2024 will explore particle acceleration processes at 
1 au in detail and connect these to ENA production at the heliosphere boundary to address fun- 
damental questions about the heliosphere (D. J. McComas et al., 2018). Although IMAP will pro- 
vide a great deal of new information on the plasma structures of the outer heliosphere, it will be 
limited by the ambiguities of the internal vantage point. The Interstellar Probe mission will image 
the heliosphere from the outside, allowing it to see the overall shape of the heliosphere and how 
the plasma is distributed within it directly without the ambiguities of the internal vantage point. 
Interstellar Probe will allow us to study the ribbon and belt structure; it will be immediately obvi- 
ous whether these structures originate within the heliosheath or result from processes beyond. 
Further, depending on the selected trajectory, the source of the ribbon/belt structures could be 
sampled in situ. Together with concurrent ENA imaging from 1 au, ENA observations on Interstellar 
Probe will allow true tomography of the outer heliosphere, which will reveal the structures and 
processes in 3D. 


Past and current heliosphere observations brought many remarkable discoveries. These point to 
the uniqueness of the plasma environment around the Sun and its orbiting planets shaped by the 
complex interactions between solar and galactic material. While substantial progress has been 
made in understanding various components of the interaction, the fundamental processes deter- 
mining the global nature of the heliosphere are missing. A dedicated set of in situ and remote- 
sensing measurements is required to address the most outstanding questions about the helio- 
sphere. In situ measurements include plasma ions, electrons and neutrals in the solar wind and 
ISM, the solar and ISM magnetic field, waves and turbulence, PUls (not measured by Voyager 1 
and 2), energetic particles, and cosmic rays. Mapping ENA fluxes and extreme ultraviolet (EUV) 
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emission from outside the heliosphere for the first time will reveal the heliosphere shape and 
properties of the VLISM. 


3.1.1.2. How Do the Sun and Galaxy Affect the Dynamics of the Heliosphere? 


The Sun influences the dynamics of the entire heliosphere and its boundaries through the 11-year 
activity cycle. Even at 145 au, Voyager 1 still detects a significant influence of the dynamic Sun. 
From solar minimum to solar maximum, the solar wind dynamic pressure changes by a factor of 
two. Models predict that the heliosphere boundaries, the TS and HP, globally and locally respond 
to the solar wind dynamic pressure changes and move inward and outward (V. Izmodenov et al., 
2005; V. V. Izmodenov et al., 2008; Pogorelov et al., 2009; Provornikova et al., 2014; Haruichi 
Washimi et al., 2007; H. Washimi et al., 2011). The TS is more responsive to the solar wind changes 
and can move in and out by 10 au. Average variations in HP position toward the heliosphere nose 
during the solar cycle are predicted to be smaller, ~3—5 au. The solar wind varies on different time 
and spatial scales during the solar cycle. Coronal mass ejections (CMEs) emerging from the Sun 
predominantly during solar maximum travel in the interplanetary space (J. D. Richardson et al., 
2006), interact with each other, and merge, producing large-scale global merged interaction re- 
gions (GMIRs) (Burlaga, 1993). GMIRs are characterized by high pressure and magnetic fields in the 
outer heliosphere. These structures generate significant changes in solar wind parameters. GMIRs 
modulate cosmic-ray intensities in the heliosphere (Burlaga & Ness, 1998). GMIRs typically drive 
shocks that propagate through the heliospheric interface, interacting with the TS and HP and af- 
fecting particle acceleration processes and ENA production. Large pressure fluctuations of solar 
origin drive disturbances beyond the HP in the VLISM (Burlaga, Ness, Gurnett, et al., 2013; Gurnett 
et al., 2015; Schwadron & McComas, 2017). 


During the declining phase of the solar cycle, the solar wind in the heliosphere is dominated by 
long-lived corotating interaction regions (CIRs) (Burlaga et al., 2003). CIRs are characterized by an 
enhanced magnetic field, plasma density, and pressure, and are bounded by a pair of shocks typi- 
cally forming at ~2—5 au. CIR shocks are efficient accelerators of particles—both ions and elec- 
trons. Observations of CIRs by Voyager 2 and Pioneer 10 in the inner heliosphere within 10 au 
showed that the dynamic pressure in CIRs may increase by a factor of 15-30. At larger heliospheric 
distances, CIRs expand and merge into more complex structures but continue to affect plasma, 
fields, and particles. Near 45 au, Voyager 2 data show the sequence of recurring sharp, shock-like 
increases in the solar wind speed during the solar minimum in 1994-1995 that very much resem- 
ble forward shocks. These recurrent structures are associated with quasiperiodic enhancements 
in ~1-MeV energetic particles. One would expect that these structures propagate further to the 
heliosheath and beyond into the LISM. In fact, Voyager 1 magnetic field data from the LISM reveal 
an interval (2014.6—2015.4) with ~28-day oscillations in B (Burlaga & Ness, 2016). This suggests 
that the Sun influences this region. However, the origin of these oscillations is not yet explained. 
The nature of the interaction between structures evolved from CMEs and CIRs and heliospheric 
boundaries, as well as their effects on the VLISM, still challenges our understanding. 


By now Voyager 1 has traveled 25 au in the interstellar space, which was expected to be a quiet 
medium with not much dynamics expected. However, Voyager 1 made a remarkable discovery by 
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observing shock waves in this region. The shocks are presumably driven by solar transients that 
reached the heliosphere boundary and propagated to the LISM. The first shock in the LISM was 
observed by Voyager 1 at the end of 2012 (Burlaga, Ness, Gurnett, et al., 2013). The important 
property of the LISM shock is its very smooth nature and very large width, being ~10* times 
broader than a shock with similar properties often observed in the solar wind near Earth. The 
shock properties in the LISM are dramatically different from ones inside the heliosphere. Why 
shocks are so broad and what processes determine their structure in the LISM are open questions. 
A recent study (Mostafavi & Zank, 2018) suggests that the LISM is collisional because the electron 
and proton collisional mean-free paths are small compared to the almost featureless LISM. The 
weak LISM shock is very broad, and its structure is controlled by particle collisions and not by the 
wave-particle interactions observed inside the heliosphere. The nature of the LISM plasma is dif- 
ferent compared to the heliosphere plasma and needs to be explored more carefully. In situ meas- 
urements in the LISM are critical to understanding the physics of shock waves, pressure waves, 
and associated particle energization in this region. 


Heliosphere Influenced by the Local Interstellar Medium and Shielded against It 


Beyond the HP, Voyager 1 observed a draped ISM magnetic field, indicating that the heliosphere 
distorts the ISM magnetic field around it. Surprisingly, the ISM magnetic field in front of the helio- 
sphere has a direction resembling the azimuthal (east-west on average) solar magnetic field 
(Burlaga & Ness, 2016). This was completely unexpected, given that based on several indirect ob- 
servations, the ISM field was believed to be inclined to the east-west direction (V. V. Izmodenov, 
2009; M. Opher et al., 2009). The ISM field is distinctly different from the heliosheath magnetic 
field (Burlaga & Ness, 2016). In the heliosheath, the field is relatively weak (B ~ 0.1 nT) and highly 
variable showing sector boundaries. Beyond the HP, the average B is relatively strong (0.48 nT 
measured by Voyager 1 and 0.7 nT measured by Voyager 2) and does not change significantly. The 
ENA IBEX ribbon orientation currently provides one of the important constraints on the ISM direc- 
tion (Funsten et al., 2013; D. J. McComas, Allegrini, Bochsler, Bzowski, Christian, et al., 2009; 
Schwadron et al., 2009; Zirnstein et al., 2016). While Voyager 1 and 2 are observing the draped 
ISM field and ISM plasma, this region is still significantly perturbed by the Sun. The open questions 
for the Interstellar Probe mission are (1) what is the magnetic field magnitude and direction in the 
ISM, and (2) does it influence the shape of the heliosphere? 


Our galactic neighborhood, the partially ionized LIC, affects the heliosphere, determining its global 
structure. LIC hydrogen coming to the heliosphere interacts with the solar wind plasma in the 
charge-exchange process. The charge exchange removes momentum from the solar wind, con- 
trolling the locations of the heliosphere boundaries (Baranov & Malama, 1993) and the properties 
of the solar wind at large distances from the Sun. Charge exchange creates PUls, which play a 
dominant role in the heliosheath pressure (Gloeckler & Geiss, 2004). ISMF draping around the 
heliosphere affects its shape (M. Opher & Drake, 2013; M. Opher et al., 2017). The ISM hydrogen 
and plasma parameters (number density, velocity, and temperature) and magnitude and direction 
of the ISM field are key parameters to measure on the Interstellar Probe. 
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With the Voyager observations, it is now established that the heliosphere, the only known habit- 
able astrosphere, shields 75% of GCRs, an important constituent for the development of life on 
Earth (Figure 3-9). Even with this shielding, however, variations in the solar cycle and in Earth’s 
magnetic field allow variations in the flux of GCRs, potentially driving significant changes in atmos- 
pheric chemistry that may, in turn, affect the biosphere (Krivolutsky, 1999; Pavlov et al., 2005). 
Without a relatively quiet host star like the Sun, an Earth-like planet could face a much greater flux 
of GCRs, with more severe implications for life (Atri et al., 2013; Grenfell et al., 2007; Tabataba- 
Vakili et al., 2016). Tentative connections have been made between GCRs and cloud cover, climate, 
and aerosol distributions (Marsh & Svensmark, 2000). To better understand the extent and impact 
of GCRs on the Earth, then, it is imperative that we have a clearer understanding of the connection 
between the heliosphere, the LIC, and GCR fluxes via in situ measurements. 


3.1.1.3. | What Is the Nature of the Local Interstellar Medium? 
Sun Leaving Local Interstellar Cloud to the Next Interstellar Destination 


The Sun is moving at 26 km/s in the direction of the edge of the LIC, and it is believed that it will 
leave the LIC in <1900 years (Figure 3-10). The edge is <0.07 pc = 7000 au upstream. The LIC is one 
of many interstellar clouds clustered in the Local Bubble, a region of low-density hot gas extending 
to ~100 pc from the Sun (R. Lallement et al., 2003). What will be the next hosting interstellar cloud 
for the Sun and its heliosphere is an open hot question. J. D. Slavin and Frisch (2008) summarized 
properties of the LIC obtained from spectroscopic ISM measurements: n(H) = 0.19 - 0.2 cm>, n(e) 
= 0.07 + 0.01 cm-3, T = 6300 + 340 K, fractional H ionization ~0.2, inflow velocity 26.3 km/s. The 
other three interstellar clouds closest to the Sun are G-cloud (Rosine Lallement, 2007) in front of 
Alpha Centauri (1.3 pc), Blue cloud (Redfield & Linsky, 2001) in front of Sirius (2.6 pc), and Mic 
cloud, which is formed at the interaction region between the collided LIC and G-cloud (Redfield & 
Linsky, 2008) (Figure 3-11, left). G-cloud (it is so called because of its location on the galactic center 
side) is cooler and slightly faster moving than the LIC. The Blue cloud may be a detached piece of 
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Figure 3-9. Voyager 1: Heliosheath shields 75% of galactic cosmic rays coming to the heliosphere from 
the interstellar medium. Plot generated from Voyager CRS Rates Time History. 
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Figure 3-10. The Sun is on the way to exiting the Local Interstellar Cloud and entering another unexplored 


interstellar region. (Image credit: NASA/Goddard/Adler/U. Chicago/Wesleyan.) 


the LIC with properties changed by EUV radiation. Mic cloud has a filamentary and turbulent na- 
ture, with the shape resembling the boundary of the G-Cloud and LIC. Fifteen interstellar clouds 
were identified within 15 pc of the heliosphere (Figure 3-11, right). 


Interstellar Probe would provide the first sampling of LISM material that is unprocessed by the HP. 
It is not yet known how far the influence of the heliosphere really extends into the LISM, but it is 
thought to be located beyond a possible bow wave/shock at a distance of >500 au. The two Voy- 
ager spacecraft provided the first unique in situ measurements of the LISM just beyond the HP but 
approach their end of operation at ~160-170 au from the Sun, well before reaching the unper- 
turbed LISM. EUV measurements obtained by Interstellar Probe of the ISM in different lines of 
sight (LOSs) could bring new understanding of inhomogeneity, velocity, and temperature distribu- 
tion in the pristine LISM. 


Investigating the Origin and Evolution of Matter in the Galaxy 


The unprocessed LISM holds the key to understanding not only the global heliospheric interaction 
but also how matter in the galaxy originated and evolved. The elemental and isotopic composition 
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Figure 3-11. Galactic environment near the heliosphere. (Left) The four interstellar clouds closest to the 
Sun (J. L. Linsky & Redfield, 2013). (Image courtesy of S. Redfield.) (Right) Fifteen interstellar clouds lo- 
cated within ~15 pc of the heliosphere (reproduced and adapted from Redfield and Linsky (2008) with 
permission; © AAS). 


of gas is the only direct measurement that can be used to constrain models of stellar nucleosyn- 
thesis and therefore formation of matter in the galaxy. Interstellar dust (ISD) grains are the building 
blocks of both stellar and planetary systems and are therefore critical to understand the evolution 
in the galaxy. 


After the Big Bang, only a small number of the light elements (such as H, D, Li and Be) existed. 
Stellar nucleosynthesis then subsequently formed essentially all elements heavier than Li, with the 
isotopes 13C, 180, **Ne, and 38Ar produced during different stages of stellar evolution than the main 
isotopes. Given that the relative abundances of isotopes are fractioned much less than the ele- 
mental abundances, isotope ratios therefore remain the more critical constraints on nucleosyn- 
thesis models. Of particular importance are ratios such as D/H *He/4He, *c/¥c, 180/180, 
22Ne/?°Ne, and 28Ar/?°Ar. 


The LISM consists of material in multiple hot, warm, and cold phases, each of which is character- 
ized by different temperatures, densities, and stages of ionization—both atomic and molecular— 
as well as ISD grains. These are the condensed phases of the ISM, transporting the heavy elements 
produced by stellar nucleosynthesis through the different ISM phases. Although representing only 
~1% of the mass of the ISM, ISD grains contribute significantly to the different evolutionary pro- 
cesses of the galaxy and are the building blocks of new stellar/planetary systems forming upon 
collapses of cold molecular clouds. Dust condensation from gaseous heavy elements occurs both 
in certain circumstellar environments as well as in protostellar nebulae. ISD grains ensure the 
transport and mixing of heavy elements across the different phases of the ISM, where they un- 
dergo multiple cycles of formation and destruction (Zhukovska et al., 2008). Any modern model 
describing galactic chemical evolution must therefore take their life cycles through the ISM into 
consideration. 


A direct in situ characterization of the ISD grains in the warm gas and dust phase surrounding the 
solar system, the LISM, and their interaction with the gas phase therefore enables an understand- 
ing of the true nature of the current building blocks of planetary systems in our galaxy. 
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So far, information on the LISM has been gathered using three approaches. The first approach 
uses LOS observations of the light absorption of nearby stars to reveal the depletion of heavy ele- 
ments in the gas phase. Under the assumption that the solar photosphere element abundance is 
a good reference for the LISM, one can deduce that the heavy missing elements are condensed as 
ISD grains. This approach yields various possible constitutive models of local ISD (Kimura et al., 
2003). However, given that these are observations along LOSs of element depletion, they can be 
attached with strong biases. 


The second approach relies on detecting gas and dust that penetrate the heliosphere. Because of 
the motion of the Sun with respect to the LISM, gas and dust are entering the solar system, where 
some can be detected. ISD grains enter the heliosphere with 26 km/s with respect to the Sun from 
a direction at 79° ecliptic longitude and —8° ecliptic latitude, well aligned with the flow of neutral 
helium (Frisch et al., 1999; Gruen et al., 1994; Witte et al., 2004). The relatively low velocity dis- 
persion of the ISD flux entering the solar system is indicative of particles in Brownian motion within 
the LISM, with no group velocity component. Another ISD stream, decoupled dynamically from 
the ISM, may have been recorded during Earth-based radar measurements and tentatively linked 
to the debris disk of Beta Pictoris (Baggaley, 2000), but this remains under speculation. 


The third approach uses the detection of interstellar PUls formed from ionized neutral LISM atoms 
penetrating the heliosphere (Gloeckler & Geiss, 1998). Neutral helium, as well as ISD grains, could 
also be directly detected by instruments carried by the Ulysses spacecraft, coming from the apex 
direction of motion of the Sun (Grun et al., 1993; Witte et al., 1993). However, because of the sen- 
sitivity of those instruments, combined with various filtering processes of the LISM material at the 
HP and after entering the heliosphere (Griin & Landgraf, 2001; Linde & Gombosi, 2000; Mann et al., 
2010; Jonathan D. Slavin et al., 2012; V. J. Sterken et al., 2013), the data cannot unambiguously con- 
strain the constitutive models of the ISD from the LISM and present a historical stumbling block for 
studying the important LISM properties directly. Figure 3-12 and Figure 3-13 show the ISD flux filter- 
ing resulting from the solar radiation pressure and interaction of the charged grains with the inter- 
planetary magnetic field (IMF). 


Furthermore, neither the main ISD stream entering the solar system from the neutral gas direction 
and detected in situ nor the (large, >20 um) grains detected via radar measurements provide ac- 
cess to the lower size regime of the dust grains responsible for the starlight extinction measured 
from the ultraviolet (UV) to the infrared (IR), which led to a seminal ISD grain average size distri- 
bution—“the MRN distribution”—in the ISM (Mathis et al., 1977). Indeed, the lower-size-range 
(<0.2 um) grains responsible for the interstellar extinction curves are prevented from entering the 
heliosphere because of their interaction with the magnetic field at the solar bow shock (Linde & 
Gombosi, 2000; Jonathan D. Slavin et al., 2012). 
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Figure 3-12. Simulated trajectories of ISD grains entering the heliosphere along the solar apex direction 
and subject to deflections because of the solar radiation pressure effect combined with the Lorentz 
forces. The particles shown on this plot have a radiation pressure-to-gravity ratio of 1.5 and a charge- 
to-mass ratio of 1.5 C/kg (V. J. Sterken et al., 2012). 
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Figure 3-13. ISD dust flux as measured (and compared with models) by four different spacecraft carrying 
dust instruments, as a function of the heliocentric distance (Kruger et al., 2019). The overall trend is a 
reduction in the ISD flux the closer one gets to the Sun, with fluctuations of the measured flux values for 
a given heliocentric distance being the result of the interaction of the charged grains with the IMF, whose 
configuration is itself driven by the solar activity. 
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Figure 3-14. Interstellar particles with masses of 5 x 107 < m < 2 x 107" g have fluxes in the solar system 
observed by Ulysses and Galileo (red squares) far above that expected based on a fit to the optical and 
infrared extinction of the light from nearby stars (blue curve), scaled to the hydrogen density nH ~ 
0.22 cm-3 of the local interstellar cloud outside the heliosphere. The lack of particles with m << 5 x 
10-3 g is expected because of their filtration in the outer heliosphere. The peak near 3 x 10-2! g is ex- 
pected because of their filtration in the outer heliosphere. The peak near 3 x 10~2' g consists of polycyclic 
aromatic hydrocarbons (reprinted from Draine (2009) with permission; © 2008 Springer Nature). 


As a consequence, the ISD component measured so far by dust instruments onboard interplane- 
tary probes within the solar system shows grains with a size in excess of the MRN. While those 
larger grains will contain most of the LISM condensed mass, their low volume number density in 
the ISM results in optical depth that is too low to make a significant contribution to the interstellar 
extinction curve (Kruger et al., 2019) and therefore escape analysis via astronomical means. 


Only an interstellar probe leaving the heliosphere would enable, for the first time, measurement 
of the composition, flux, and flow direction of small-sized (tens of nanometers) to large-sized 
(equal to or greater than micrometer size) particles. The small particles are most numerous 
(power-law size distribution), and the high relative velocity of the Interstellar Probe facilitates de- 
tection of these smallest particles. This will provide unprecedented information about the compo- 
sition and volume number densities of the surrounding interstellar cloud dust. Sampling the ISD 
grain population in the LISM would also provide a measurement of the level of chemical homoge- 
nization of the particles. This seems to be the case for the ISD grains large enough to enter the 
heliosphere and studied by the dust instrument onboard the Cassini spacecraft (Altobelli et al., 
2016). All grains detected contained silicate-forming elements, and the abundance of Mg, Si, Ca, 
and Fe was compatible with those elements being fully condensed from the LISM gas phase. The 
absence in the Cassini data of particles whose composition would correspond to a condensation 
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process in circumstellar envelopes (“stardust”), like the carbon-bearing grains SiC, can be ex- 
plained by the fact that such particles are unable to condense directly from the ISM phase, and 
would be destroyed during their re-cycling across the various ISM phases. However, it must be 
noted that the Stardust mission reported on the presence of sulfide-bearing particles (Veerle J. 
Sterken et al., 2014) not seen in the Cassini data. Only an interstellar probe could verify the exist- 
ence of pristine “stardust” that would stand out—as a result of the characteristic composition 
imposed by the environment of their formation—from the “average” LISM silicate-bearing dust 
population detected by Cassini. 


Multiple other astrospheres have been observed in IR that show interactions with their surround- 
ing ISD (Cox et al., 2012). Zeta Ophiuchi (Figure 3-1) is an example of a young and massive star 
interacting with a relatively dense dust cloud. The star is plowing through its ISM at a speed of 
~24 km/s, possibly once torn away from a binary system. The prominent bow-shock-shaped bright 
region consists of dust deflected in the interaction with the stellar wind. Understanding how ISD 
interacts with our own heliosphere would therefore enable a dramatically improved understand- 
ing of the environment around other astrospheres. However, the ISD grain size, which determines 
dust charging properties, is largely unknown in the ISM. This means that models on how the heli- 
osphere filters interstellar material by size and chemical composition and how this depends on the 
solar cycle are very ill constrained. 


Unknown Galactic Lyman-Alpha Background 


Observations of backscattered Lyman-alpha emission on Interstellar Probe from outside the heli- 
osphere open the possibility of a unique diagnostic of the spatial and temporal distribution of hy- 
drogen properties in the LIC and possibly the other closest clouds: density, velocity, and tempera- 
ture. In the LISM (at ~400 au), simulations predict the intensity of the backscattered Lyman-alpha 
to be on the order of 5 R or less for the antisolar direction (Gruntman, 2004). Measurements of 
Lyman-alpha radiation at 300-400 au with high sensitivity present a unique opportunity to obtain 
galactic background in Lyman-alpha. Observation of the galactic background from the inner helio- 
sphere is very difficult because of the bright glow of interstellar H inside the heliosphere. Rosine 
Lallement et al. (2011) analyzed Lyman-alpha data from the UVS instrument on Voyager as it was 
leaving the heliosphere. They discovered that in addition to the smooth heliospheric emission, the 
UVS detects a galactic Lyman-alpha emission on the order of few rayleighs. The emission is mainly 
concentrated in the plane of the galaxy. Milky Way Lyman-alpha data can be used to test the com- 
plex radiative transfer models that are developed for distant galaxies. 


3.2. Origin and Evolution of Planetary Systems 


The formation and evolution of our solar system, and others, is one of the most compelling science 
questions in planetary science and astrophysics today. It derives directly from the quest to under- 
stand how matter in the solar system and ISM originated and evolved, which is one of the top 
priorities recommended in the Planetary Science Decadal Survey, Vision and Voyages (NRC, 2011). 
The distribution of worlds in the solar system and the structure of the circumsolar debris disk hold 
the key to understanding not only the formation and evolution of this solar system but also the 
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increasing diversity of exoplanetary systems and unexpectedly structured circumstellar debris 
disks. The rich data sets acquired via flybys by an interstellar probe of one or two KBOs or dwarf 
planets would significantly elevate the understanding of the state of the early system and subse- 
quent evolution. Observations from an outbound solar system escape trajectory would illuminate 
the structure of the circumsolar debris disk, greatly adding to initial dust measurements by New 
Horizons (A. R. Poppe et al., 2019). 


3.2.1. Planetary Science and the Compelling Worlds of KBOs 


3.2.1.1. Formation and Evolution of Planets and Smaller Worlds as Evidenced in the Outer 
Solar System 


Three key regions can be considered in the solar system: (1) the terrestrial planets where met- 
als, silicates, and some liquids can exist, often under protective atmospheres; (2) the gaseous and 
icy giant planets with numerous icy moons; and (3) the zone beyond Neptune where Pluto and 
many small icy worlds reside, including KBOs, dwarf planets, and comets. Comets and KBOs have 
historically been considered “time capsules” from the formation of the solar system, and the 
composition of their comae is used to make conclusions about the formation of other solar 
system worlds (K. E. Mandt et al., 2015). A primary goal of the European Space Agency’s Ro- 
setta mission was to explore the composition of a coma in great detail, using it as a “Rosetta 
Stone” for solar system formation (Glassmeier et al., 2007). Observations of the noble gas 
abundances have been particularly important, revolutionizing our understanding of how ices 
were processed in the protosolar nebula, as illustrated in Figure 3-15 (Mousis et al., 2018). In 
situ exploration of such a time capsule had never taken place until the time of writing this 
report (2019), which coincided with New Horizons’ flyby of the contact binary KBO 2014 
MU69 and the study of its ices—further revolutionizing our understanding of the solar system 
while building on the comet and Pluto system stories. What has been particularly important 
about the exploration of MU69 is the discovery that contact binaries appear to be common 
in the outer solar system and the discovery of an extremely high abundance of refractory 
methanol ice and orangish tholin. However, with only two KBO systems explored in situ, we 
are only just beginning to understand what KBO formation means to the bigger picture of 
planetary formation. 


As the largest members of the KBOs, dwarf planets are particularly important not only because 
they are the most common class of planet (numbering near 130 for worlds > 500 km in diameter) 
but also because they illustrate the diversity of evolutionary tracks possible for planets. It is im- 
portant to note that Pluto is differentiated—likely with a subsurface ocean (Kamata et al., 2019)— 
and its materials have gone through significant internal and surface densification, differentiation, 
and processing (F. Nimmo et al., 2016; Telfer et al., 2018). Unlike smaller KBOs, Pluto also has an 
atmosphere that transports volatiles across its surface, where chemistry and atmospheric loss 
evolve Pluto’s composition over time (K. Mandt et al., 2017; K. E. Mandt et al., 2016; Young et al., 
2018). Therefore, one must be careful comparing Pluto and other dwarf planets with comets not 
only because they are large enough to gravitationally bind the most volatile of species (Schaller & 
Brown, 2007b) but also because of the dwarf planets’ complex evolutionary history relative to the 
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Figure 3-15. Illustration of the formation conditions of ice grain precursors of planetesimals that formed 
the objects in the Kuiper Belt and that added mass to each of the giant planets (K. E. Mandt et al., 2020). 


smaller worlds (Keane et al., 2016; Francis Nimmo et al., 2017). Furthermore, the fascinating com- 
plexity of Pluto’s evolution emphasizes the need for exploration of other planets in the Kuiper Belt 
to conduct comparative planetology of the outer solar system. 


Models of our solar system must accurately reproduce the size, composition, and dynamical dis- 
tributions observed between the smallest KBOs and the largest planets. Some models are coming 
close; however, it is easier to do this on a small scale or a large scale than to completely model all 
aspects of our solar system simultaneously. For example, it is very difficult to explain the geological 
and compositional differences between Pluto and Triton, similar-sized objects formed in the 20- 
to 30-au region of the protoplanetary disk (PPD). 


As it is, all observed objects are “present day,” and we infer from their conditions, both dynami- 
cally and physically, what our solar system and the solar nebula might have looked like in earlier 
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epochs. Interestingly, within each region of the solar system, we find binaries and discrete objects 
whose characteristics can be used to provide significant constraints to models. We also recognize 
that formation of such systems is highly dependent on the thermal properties within the regions 
where they reside. For example, thermally driven formation models work for near-Earth asteroid 
binaries but not for Kuiper Belt binaries; the latter seem to require copious amounts of disk gas 
and streaming instabilities to produce gravitational collapse into proto-KBO bodies. Likewise, ob- 
ject size is important, allowing for retention of ices and gases at various distances from the Sun. 
Therefore, a full inventory of observations of objects throughout our solar system, remotely and 
in situ, is required for proper modeling and understanding of the proto-solar nebula and the his- 
tory of our solar system as a whole. 


While no one mission can independently accomplish all the needed observations, missions that 
build on each other will eventually fill in the observational phase space while numerical models 
are developed to consider the physical interactions of such objects over long and short timescales. 
A huge amount has been learned from just the first and second in situ flybys produced by the New 
Horizons mission. An interstellar probe mission that can produce the third, fourth, and maybe 
even fifth KBO close flyby has the ability to provide even more information, especially when com- 
bined with Earth-based long-duration studies of individual objects and systems. 


3.2.1.2. Dwarf and Giant Planets, Moons, and Small KBOs 


The dwarf planets of the Kuiper Belt are a unique class of solar system world. Dwarfs are the most 
common type of solar system planet, outnumbering giant and terrestrial planets by two orders of 
magnitude. Understanding dwarf planets’ present state, evolution, and origin is thus an essential 
component to constraining the evolution of a habitable astrosphere. Surface compositions (vola- 
tiles, organics, ices) and geological landforms (faults, cryovolcanoes, craters, dunes, flows, etc.) 
can reveal the current state and evolution of small planets’ surfaces and interiors. Dwarf planets 
are comparable in size to the mid-sized and large satellites of the giant planets but are formed in 
drastically different accretional, radiogenic, and tidal heating environments. Thus, their interiors 
record different physical processes and different information about solar system formation. They 
let us both examine the earliest epochs of solar system formation and also study processes di- 
vorced from the complexities of giant planet formation and evolution. 


While the Kuiper Belt is a dynamically gentle environment, it hosts surprisingly active worlds. The 
exploration of Pluto by New Horizons provides a useful analog for other dwarf planets. Observa- 
tions of extreme geologic diversity on Pluto caused a paradigm shift in planetary science. Pluto 
demonstrates that even small amounts of solar and radiogenic heating (and zero present-day tidal 
heating) are sufficient to produce geologic activity that rivals Earth and Mars. While there is some 
hint of comparable geologic activity on other planets in the Kuiper Belt, only future in situ recon- 
naissance will tell us for sure. 


Exploration of the Kuiper Belt is also highly likely to lead to new, unexpected discoveries. Voyager 2 
surprised us when it revealed Triton to be a craterless (i.e., young) world, with active geysers (B. 
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A. Smith et al., 1989). New Horizons shocked the world when it uncovered Pluto’s “heart” —Sput- 
nik Planitia—a vast, actively convecting nitrogen and methane ice glacier (McKinnon et al., 2016; 
Stern et al., 2015; Trowbridge et al., 2016). Pluto’s informally named Cthulhu Macula is a low- 
albedo equatorial band composed of complex organic molecules produced by airfall from photo- 
lyzed atmospheric methane. Transport of methane from Pluto has mantled Charon’s north polar 
region (Grundy et al., 2016). Pluto was shown to have methane, CO, and No distributions across a 
water-ice bedrock. The Kuiper Belt’s other planets show a remarkable degree of heterogeneity— 
from Eris’ high albedo (Sicardy et al., 2011), to Haumea’s extremely oblate shape and ring (Ortiz 
et al., 2017), to Quaoar’s young, hydrate, and crystalline water-ice composition (Barucci et al., 
2015). Interstellar Probe will allow us to explore more of these dynamic and surprising planets. 


In addition to revealing surface geology and activity, Voyager and New Horizons demonstrated 
that fast flyby missions can provide critical insights into worlds’ interior structure and geophysical 
evolution. One of the most surprising results from New Horizons’ flyby of Pluto was the inference 
of a subsurface ocean, confirming thermal models suggesting the commonality of subsurface lig- 
uid-water oceans throughout dwarf planets’ histories (Bierson et al., 2018; Hammond et al., 2016; 
Kamata et al., 2019; Robuchon & Nimmo, 2011). For Pluto, such an ocean could have persisted 
until 2.5 Ga, and possibly up to the present (Conrad et al., 2019; Kamata et al., 2019; Robuchon & 
Nimmo, 2011). Detecting and exploring subsurface oceans are of critical important to planetary 
science; not only are they potentially habitable, but they also are unique geophysical laboratories 
providing insight into the thermal evolution of planetary systems. Most methods for identifying 
and confirming ocean worlds either require the presence of an external time-varying gravity or 
magnetic field or require specialized instruments capable of probing the deep interior structure 
(F. Nimmo & Pappalardo, 2016). Despite lacking these instruments, New Horizons was able to infer 
the presence of a subsurface ocean from a combination of remote-sensing geologic observations. 
The single long-range imaging camera on New Horizons (LOng Range Reconnaissance Imager 
[LORRI]) enabled measurements of Pluto’s global shape, hemispheric topography, and regional 
tectonic structures, as well as detection of its impact basins—all of which hint at the presence of 
a subsurface ocean (Keane et al., 2016; F. Nimmo et al., 2016). For instance, New Horizons re- 
vealed no tidal bulge (i.e., Pluto has high sphericity) and no crustal flexure around tectonic faults; 
these observations imply an interior that was once liquid and an inelastic crust down to at least 
10 km depth (Conrad et al., 2019). Similar observations of Triton by Voyager 2 have led to the 
hypothesis of a subsurface ocean on that moon as well. Interstellar Probe will be able to make 
comparable observations of another dwarf planet, which may enable similar geologic inferences 
of the deeper interior structure and geophysical evolution. If Pluto and similar planets had or have 
interior liquid-water oceans, they could thus be potential abodes for life, past or present. The 
timeline of subsurface ocean freezing, using evidence from surface tectonic and cratering fea- 
tures, thus constrains the timeline of ocean-world subsurface habitability. Global geometry can 
indicate global expansion (e.g., freezing of a large ocean; Beyer et al. (2017)), planetary despinning, 
orbital migration, and/or true polar wander (Keane et al., 2016), further constraining subsurface 
mass distributions. 
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Beyond probing the shape and spin of planets, magnetic field measurements from an interstellar 
probe would undoubtedly provide new, independent insights into interior structure. For example, 
the detection and characterization of a dynamo-driven magnetic field at a Kuiper Belt planet would 
immediately revolutionize our understanding of the formation and evolution of these small planets. 


Images with high-resolution pixel scales (tens to hundreds of meters per pixel) of surface features 
enable many geophysical investigations on the surfaces of planets. While tectonic and crater land- 
forms are useful probes of the interior of planets, surface geomorphology and dynamics provide 
further glimpses into the diversity of dwarf planets’ surficial evolution. Using Pluto, Charon, and 
Triton as dwarf planet analogs, other planets’ landscapes could include the following: 


Sublimation landforms, including penitentes (Earth), bladed terrain (Pluto) (Moores et al., 
2017; White et al., 2019), and accrescent and decrescent terrain (J. M. Moore et al., 2015) 


Cryovolcanoes, such as the putative cryovolcanoes Wright and Piccard Mons (Pluto), which 
feature gently sloping flanks and proportionally large summit calderas (Kelsi N. Singer et 
al., 2018) or widespread flood cryovolcanism, such as hypothesized for Charon (Beyer et 
al., 2018; Schenk et al., 2018) 


Glaciation, such as the Sputnik Planitia nitrogen ice convecting glacier (Howard et al., 2017; 
White et al., 2019) 


Impact craters: 


Large (more than tens of kilometers in diameter) craters can constrain the crustal 
viscosity and heat flow based on their depth-to-diameter ratios (White et al., 
2017). 


The size-frequency distribution of craters reflects the size-frequency distribution 
of the impactor population and thus the size population of small KBOs (K. N. 
Singer et al., 2019). 


Craters expose vertical and lateral heterogeneities in geologic units, revealing 
stratigraphic relationships and relative ages. 


Global orientation of faults and large basins could indicate the planet has “tipped 
over” and experienced true polar wander, as is likely the case from the evidence 
of the glacier-filled Sputnik basin (Keane et al., 2016). 


Glacial or possibly fluvial channels, such as those discovered on Pluto (Howard et 
al., 2017), indicate viscous flow across the surface. 
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Figure 3-16. (Top Left) Cryovolcanic edifice of Wright Mons, Pluto (NASA PIA11707). (Top Center) Sublima- 
tion-driven penitentes on Earth (image credit: S. de Silva). (Top Right) N2 glaciation and organics-rich cra- 
tered highlands on Pluto (NASA PIA11707). (Bottom Left) Extensional grabens and a possible mantle con- 
vection corona on Miranda (NASA _ PIA01354). (Bottom Right) Sublimation-eroded cliffs on Triton 
(JMARS/P. Schenk). (Image credit: NASA/JPL-Caltech/Arizona State University; Runyon et al. (2019).) 


Quaoar’s size (D ~ 1092 km; roughly the same size as Charon) and spectral characteristics suggest 
that it is a fascinating planet worthy of closer scrutiny, especially because it appears to have an in- 
termediate amount of surface volatiles (CO, Nz, CHa; e.g., M. E. Brown (2008)) between volatile-poor 
small KBOs and the volatile-rich planets Pluto and Eris. The types, distributions, and albedos of land- 
forms on the encounter hemisphere will constrain their formation processes. The presence of crys- 
talline volatile ices (e.g., CHa, C2He, NH3—-H2O) on Quaoar’s surface (Barucci et al., 2015; Schaller & 
Brown, 2007a) could suggest recent cryovolcanism and sublimation-driven surface geology with pos- 
sibilities for aeolian processes and bedforms (dunes) and erosional yardangs. Higher-order hydro- 
carbons (e.g., tholins) from hydrocarbon photolysis would be more stable than methane (Schaller 
and Brown, 2007) and could form albedo patchworks, similar to Pluto. Observed crater size-fre- 
quency distributions would constrain the impactor flux population for heavily cratered terrains and 
show relative ages between geologic units. Crater ejecta emplacement mechanisms will be hinted 
at by the range of ejecta morphologies. Faults, pits, and bands will provide constraints on tectonic 
processes and may enable modeling of the interior, revealing whether Quaoar ever had water in 
contact with hot rock, with astrobiological implications. Regarding an atmosphere, spectroscopic UV 
observations and high phase-angle imaging and radio sounding could reveal an atmosphere and 
hazes around Quaoar, as was done for Pluto (Gladstone et al., 2016). 


With a known population of nearly 130, dwarf planets are the most common type of planet in the 
solar system, offering many more target options than just Quaoar. Any one of these planets would 
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Figure 3-17. Notional geophysical cross-section cartoon through Pluto. Topography and fault net- 
works can reveal the past or present existence of a subsurface ocean. (Image credit: James Tuttle 


Keane, JPL/Caltech.) 


be a compelling flyby target for Interstellar Probe for the purposes of filling out the Kuiper Belt 
census of small planets. Many of the above considerations for Quaoar are the same for other po- 
tential target planets. As discussed by Brown (M. E. Brown, 2008; Michael E. Brown, 2012), Make- 
make, like Quaoar, is also transitional between volatile rich and poor. Haumea, although volatile 
depleted, is rotating quickly enough (4 hours) to be oblong in dimension while still resting in hy- 
drostatic equilibrium. In contrast to these and the majority of dwarf planets, Pluto, Triton, Eris, 
and Sedna are volatile rich, offering insights into planetary diversity and formation scenarios 


While ground-based observations can survey large populations of KBOs to study the dynamics of 
this region of our solar system, they are limited by what diffraction-limited optics and Earth-based 
geometry allow. For objects in the Kuiper Belt, this means that we can only sample the phase angle 
of an object up to ~2—3° (the angular distance of the Earth’s orbit as seen from the Kuiper Belt). 
Over time, the orientation of these objects changes based on their long-term (>200 year) orbits 
around the Sun; however, the observational angular limits remain the same. As a spacecraft 
traverses different regions of our solar system, it has the ability to observe KBOs and other objects 
from much larger phase angles, allowing us to better sample the surface properties; e.g., the re- 
flection of sunlight off a smooth or rough surface can change drastically with solar incident angle 
(A. Verbiscer et al., 1990; A. J. Verbiscer & Veverka, 1990, 1992). The New Horizons mission has 
made great use of this technique by observing nearly 25 KBOs at extended phase angles (Porter 
et al., 2016). In fact, New Horizons has used phase angle observations to sample all of the different 
dynamical classes of KBOs (classical circular orbit objects, objects in mean motion resonances with 
Neptune, and scattered objects) as well as objects of differing sizes (dwarf planets as well as ~30- 
km KBOs). Clearly, the Kuiper Belt-based observations of 25 objects are a small sample of the pro- 
jected 10* 100+-km objects in the Kuiper Belt (Petit et al., 2008), but they are a solid start. 
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Likewise, observations from spacecraft are not limited by the day-night cycle of the Earth. This is 
true for orbiting satellites as well as planetary missions, but fundamentally, observations over 
time, unhindered by the day/night cycle, allow us to obtain an unbiased measurement of object 
light curves far from the Sun to better understand their true angular momentum properties. They 
also allow us to determine general shape and, under the right conditions, to identify contact or 
resolved binaries. The latter provides significant constraints on formation models because they 
are observed in the current Kuiper Belt and must have either been created recently (unlikely based 
on the physics of the objects observed) or survived during dynamical mixing caused by migration 
of the giant planets. 


3.2.1.3. Opportunities for Giant Planet Flybys 


Although Jupiter and Saturn have both had dedicated orbiting missions (Galileo and Juno at Jupiter 
and Cassini at Saturn) a number of non-incremental science goals can be achieved from a fast flyby 
such as that provided by Interstellar Probe, and unique science can also be achieved by looking 
back at these objects from the distant solar system. The Jovian magnetosphere is by far the largest 
object in the solar system, with a magnetotail that stretches out to the orbit of Saturn. This enor- 
mous magnetosphere is continuously being mass loaded by plasma originating from the volcanic 
moon lo, which leads to closed magnetized regions of plasma being centrifugally torn off and es- 
caping down the magnetotail. While such “plasmoids” are known to exist, their large-scale mor- 
phology and motion have eluded previous spacecraft because of their slower speed and trajectory. 
The fast Jupiter flyby by the New Horizons spacecraft in 2007 provided novel interpretations of 
this mass loss down Jupiter’s enormous magnetotail region that could never be studied from the 
relatively slow (and relatively near planet) orbiting platforms (D. J. McComas et al., 2007). A Jupiter 
gravity assist (JGA) by an interstellar probe would provide an even faster snapshot through the 
Jovian magnetotail, depending on the exact maneuver required to best achieve a high asymptotic 
speed out of the solar system. By nature, an interstellar probe would carry dedicated fields and 


Figure 3-18. (Left) Forward scattering of sunlight by haze (likely tholin) particles in Pluto’s atmosphere 
produces a blue plutonian solar eclipse (image credit: NASA PIA19964). (Right) Haze layers detected in 
Pluto's atmosphere by the LORRI camera, where the arrows show a haze layer 5 km above the ground (left) 
intersecting the ground at right (reprinted from Gladstone et al. (2016) with permission from AAAS). 
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Figure 3-19. Schematic diagram of a meridional cut through Jupiter's magnetotail (top) shows the 
plasma disk near Jupiter and notional large plasmoids (colored) moving down the tail, past New Ho- 
rizons. This is from just after New Horizons’ inbound crossing of Jupiter's magnetopause late on day 
of year 56, 2007, through closest approach at ~32 R,, and back down the magnetotail to >2500 R; 
(reprinted from D. J. McComas et al. (2007) with permission from AAAS). 


particle instrumentation, which would reveal several important details about the magnetotail 
structure and dynamics that the payload of New Horizons could not. 


Other Jovian targets include the enigmatic moon lo where New Horizons also observed active 
eruptions of volcanoes (Spencer et al., 2007). lo is a challenging target to fly close to because of 
the high-radiation environment near its orbit around Jupiter and therefore is one of the lesser- 
studied solar system moons despite being a very high value science target. The fast speed of In- 
terstellar Probe results in a relatively modest total ionizing dose of radiation but still imposes re- 
quirements on sufficient background rejection techniques of cameras and instrumentation. This 
is, aS always, a trade-off between science return, mass, and complexity of the instrumentation. 


If Interstellar Probe was able to fly past Saturn, it would be the first fast flyby of that planet since 
the Voyager era, providing a snapshot in time that would complement the Cassini mission data set 
by, in particular, extending our observations at Saturn to include post-Saturn solstice observations 
of system activity. 


The following table has examples of questions that Interstellar Probe could address at the solar 
system gas and ice giant planets, along with suggested tests. 


Table 3-1. Solar System Planetary Science Questions 


Question or Science Goal Testing Scheme 
Giant planets as laboratories to understand the solar system Very distant multispectral time-series imaging of giant planets 
and extrasolar planets as single pixels can aid interpretation of similar imaging of 
exoplanets 
Are the Ocean worlds (especially Europa, lo, Ganymede, Imaging of plumes and/or new surficial deposits 


Enceladus, Triton) active in the coming decades? 


Why are the ice giant magnetic fields so complex, and how do__| Magnetometer, ENA cameras, and plasma instrument in situ 
they interact with the solar wind, planetary atmospheres, and | measurements 
satellites? 


Constrain atmospheric heat balance, composition, and Atmospheric thermal IR or microwave imaging 
dynamics of giant planets 


Are Triton and other moons also ocean worlds? Magnetometer measurements of any induced magnetic fields 
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Ice giant planets (Uranus and Neptune) are the only major category of solar system worlds never 
to have had a dedicated mission and represent one of the largest groups of detected exoplanets 
(Fulton et al., 2017). We know very little about our own ice giants, and the potential science return 
from a modern-era spacecraft flyby is immense. White papers submitted to the Planetary Science 
Decadal Survey 2013-2023 and the Heliophysics Science Decadal Survey 2013-2023 provide a 
persuasive case for missions to our ice giants (Uranus or Neptune). Three key points highlight the 
importance of sending a mission to these ice giants. First, they represent a class of planet that is 
not well understood and that is fundamentally different from the gas giants (Jupiter and Saturn), 
terrestrial planets, and dwarf planets. Ice giants are, by mass, “65% water and other so-called 
“ices,” such as methane and ammonia. Despite the “ice” name, these species are thought to exist 
primarily in a massive, super-critical liquid-water ocean. No current model for their interior struc- 
ture is consistent with all observations. A second key factor is the importance of Neptune-class 
planets to exoplanet studies. Third, they might be host to unique types of ocean worlds. Depend- 
ing on fly-out direction, an interstellar probe could provide very valuable observations during a 
flyby of an ice giant. 


Figure 3-20. The southern hemisphere of Uranus indicates a flurry of previously unknown atmospheric 
phenomena, hinting at an unusual feature in the interior of the planet (reprinted from Witze (2014) with 
permission; © 2014 Springer Nature Ltd.). 
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Naturally the transit time of any planetary flyby would be relatively short. While several days would 
be spent traversing the inner Jovian system and moons, <10 hours will be spent on the outbound 
portion after the assist. Similarly, during a potential ice giants flyby, only several hours would be 
spent traversing the system because these flybys would likely occur after any JGA (or solar Oberth 
maneuver). Although seemingly short, observations and measurements during gas or ice giant fly- 
bys are certain to return science data of high value because of the instrumentation that is much 
improved over past missions such as Voyager and Pioneer. 


3.2.1.4. | The Solar System as a Habitable Exoplanetary System 


A vantage point far away from the Sun offers a historically unique opportunity to observe the solar 
system as an analog of exoplanetary systems and would provide critical information to telescope 
observations of other exoplanetary systems. On 14 February 1990, Voyager 1 captured a series of 
images of six of the planets from a distance of 40.5 au from the Sun. The assembled series (Fig- 
ure 3-21) has become known as the “family portrait” of the solar system and represents the only 
image “looking back” at the solar system from the outside. The famous “Pale Blue Dot” is a part of 
this image sequence. In November 2010, the MESSENGER spacecraft obtained a similar image of 
eight planets but from roughly the orbit of Mercury. 


These portraits continue to inspire humanity, in particular the Pale Blue Dot that gave rise to the 
book by the same name by Carl Sagan. With the increasing abundance of exoplanetary systems 
observed, using the solar system as an exoplanetary analog has become more important, not only 
for philosophical reasons but also primarily for scientific reasons. Absorption spectra during ex- 
oplanetary transits are the primary means of probing atmospheric composition and have led to 
several discoveries. The reflectance spectrum at different phases as an exoplanet orbits its star 
potentially could provide information on cloud patterns, continents, and ocean coverage. How- 
ever, all of today’s exoplanetary observations are limited to one-pixel observations and therefore 
require comparative observations of well-known planets such as Earth, Venus, and Mars (Jiang et 
al., 2018). Therefore, observations of reflectance and transit absorption spectra of the solar sys- 
tem planets are extremely valuable measurements that will provide critical ground truth for ex- 
oplanetary observations. However, observations of transiting solar system planets are rare from 


JUPITER 


Figure 3-21. The “family portrait” of our solar system was obtained by the Voyager 1 mission on 14 Feb- 
ruary 1990 from a distance of 40.5 au. The famous image of Earth—"Pale Blue Dot”—is a part of this 
series. (Image credit: NASA JPL.) 
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Earth. For example, Venus transits are generally only visible from Earth every 243 years (with the 
last in 2012) and have provided a wealth of data on that type of planet as an exoplanet. Direct 
(reflectance) observations of Earth have only recently been made by the DSCOVR satellite (see, 
for example, Figure 3-22, left), where the resolution was degraded to resemble an exoplanet in 
order to better understand how Earth-like planets are manifest as exoplanets. 


This type of analysis is vital in helping us to understand the increasing wealth of information from 
telescopes such as Kepler, TESS, and the James Webb Space Telescope—not forgetting of course 
the increasingly powerful ground-based arrays and radio interferometers. An interstellar probe 
leaving the solar system would be an appropriate platform from which to provide both direct and 
transit observations of solar system planets. Because of their relatively short orbital periods, the 
inner planets of our habitable zone (Venus, Earth, Mars) lend themselves to direct reflectance 
spectra to help guide identification of cloud patterns, ocean and continents, and more, as outlined 
by, for example, Jiang et al. (2018). Absorption spectra during transits would contribute to better 
interpretations of exoplanetary atmospheric composition measurements. 


3.2.2. The Circumsolar Debris Disk: A Window to Planetary System Formation 


Planetesimal belts and dusty debris disks are known as the “signposts of planet formation” in plan- 
etary systems. The overall brightness of a disk provides information on the amount of sourcing 
planetesimal material, while asymmetries in the shape of the disk can be used to search for per- 
turbing planets within the system or external forces from outside the system such as interstellar 
gas. Our solar system is known to house two such belts, the asteroid belt and the Edgeworth- 
Kuiper Belt (EKB), and two debris disks sourced mainly by planetesimal collisions and comet evap- 
orative sublimation. 


However, the overall structure of the solar system’s debris disk is poorly understood in toto be- 
cause we live inside of it; e.g., how much dust is produced from the EKB is not well understood 
because the near-Sun comet contributions dominate near-Earth space and only one spacecraft, 


Figure 3-22. (Left) An image of Earth captured by the DSCOVR satellite (image credit: NASA). (Right) Art- 
ist’s impression of a rocky planet transiting across a red dwarf star (image credit: European Southern 
Observatory/L. Calcada). 
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New Horizons, has ever flown a dust counter through the EKB (Horanyi et al., 2008; Piquette et al., 
2019). Understanding how much dust is produced in the EKB would give us a much better idea of 
the total number of bodies in the belt (especially the smallest ones) and their dynamical collisional 
state (K. N. Singer et al., 2019). Even for the inner zodiacal cloud, questions remain concerning its 
overall shape and orientation with respect to the ecliptic and invariable planes of the solar system; 
they are not explainable from perturbations caused by the known planets alone (Stenborg & 
Howard, 2017). 


Understanding the large-scale structure of our circumsolar debris disk has become even more im- 
portant with the increasing number of groundbreaking images of circumstellar disks and PPDs by 
the ALMA observatory (Isella et al., 2016). Together with the detailed information of the dynamics, 
composition, and mass distribution of the solar system bodies, knowledge of the large-scale struc- 
ture of the circumsolar debris disk would provide the needed critical model constraints to make a 
dramatic leap in our understanding of planetary formation in general. 


3.2.2.1. | Composition and Structure of the Circumsolar Dust Cloud 


Dust grains of the inner solar system have undergone extensive study and are sourced primarily 
from the Jupiter-family comets (JFCs) with small contributions from asteroids and both Halley-type 
comets (HTCs) and Oort-cloud comets (OCCs) (see Figure 3-23) (Nesvorny et al., 2010b; Nesvorny, 
Janches, et al., 2011; Nesvorny, Vokrouhlicky, et al., 2011; Pokorny et al., 2014; A. R. Poppe et al., 
2019). In comparison, the dust distribution in the outer solar system beyond ~5 au is not as well 
constrained. Here, dust grains are most likely dominated by the sources in the EKB with additional 
contributions from comets (Kuchner & Stark, 2010; Landgraf et al., 2002; Andrew R. Poppe, 2016; 
A. R. Poppe et al., 2019). Several processes act on 

the transport of dust through the outer solar sys- a 2 ON Be aS 

tem, including gravitation, solar wind and Poynting- 
Robertson drag, and stellar radiation pressure 
(Burns et al., 1979; Gustafson, 1994). Trapping of 
grains born from the EKB may occur through mean 
motion resonances with Neptune as the dust grains 
migrate inward (Liou & Zook, 1999). When grains 
eventually break free from these resonances, they 
continue to diffuse inward, where they can either be 
gravitationally ejected from the solar system by one 
of the giant planets or reach the inner solar system. 


observed 


Normalized Flux 


Infrared Astronomy Satellite (IRAS) and Cosmic ~90 0 90 
Background Explorer (COBE) scans, Infrared Space Ecliptic Latitude (deg) 
Observatory (ISO) and Spitzer spectroscopy, and vis- Figure 3-23. Comparison of the JFC (red), HTC 
ible data on scattered zodiacal light (Hahn et al., (blue), and asteroidal (AST) model with IRAS 24- 
2002; Kelsall et al., 1998; Nesvorny et al., 2010a; um observational normalized flux curves versus 
Rowan-Robinson & May, 2013) have generated ecliptic latitude (reprinted from Nesvorny et al. 
many theoretical models for the spatial distribution (2010b) with permission; © AAS). 
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of zodiacal dust as well as suggestions as to its origins 


t~T el ell tee 7 i=] 1 
and composition (e.g., Figure 3-24). These models x 
must explain the “Zody band” structures associated  ,,| > A t 
with asteroid collisional families, the strong ecliptic- ; vw 
plane-to-ecliptic-pole surface brightness decrease, and F| 4 
the asteroid-like spectrum for the Zody band found in y 4 


the near-IR that shifts to a comet-like dust thermal 
emission spectrum in the mid-IR (Tsumura et al., 
2010). Typically, these models incorporate a fan-like 
structure with the dust density following both a radial 
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numerous questions remain. These “fan” models show 

that the cloud consists of a combination of cometary 1-45 various model componientsotintei: 
dust, dust originating in the asteroid belt, and dust en- planetary and interstellar dust (Rowan- 
tering the solar system from the ISM. Rowan-Robinson Robinson & May, 2013). 

and May (2013) found a ratio of 70%:22%:7.5%, re- 

spectively, for these three components (Figure 3-24). By contrast, Nesvorny et al. (2010b) found 
that 85-95% of the cloud comes from JFCs, with the remainder from main-belt asteroids and OCCs. 
More importantly, little is known about how these contributions vary with distance from the Sun, 
particularly on the far side of the asteroid belt. Indeed, at 4 au, the Rowan-Robinson and May (2013) 
results are inconsistent with direct measurements of dust concentration from the Ulysses space- 
craft by a factor of 10. Today, it is still not known whether the basic composition of EKB grains is 
similar to that of KBOs, and thus conforms to our understanding of solar system formation. Several 
important questions remain unanswered, such as the processes acting on grains after their crea- 
tion, and the presence of organics. 


Figure 3-24. Comparison of IRAS 25-ym 


Thus, Interstellar Probe represents a unique opportunity to examine the structure of the zodiacal 
cloud as a function of distance from the Sun. The dust cloud will diminish in brightness by almost a 
factor of 100 between 1 and 10 au at visible and IR wavelengths because of the combined decline 
in IPD density (Figure 3-25a), solar irradiation, and grain temperature (from ~270 K at 1 au down to 
~85 K at 10 au; Figure 3-25b). In particular, an interstellar probe instrument could measure the 
falloff in zodiacal brightness between 0.5 and 50 um as Interstellar Probe voyages outward and 
would help us to quantify the contributions of these different dust components. Of particular im- 
portance will be monitoring the brightness while Interstellar Probe traverses and exits the asteroid 
belt and Kuiper Belt. A modest spectrophotometric capability using selected medium- or narrow- 
band filters could also probe dust grain composition as a function of distance. Determining the 
ratios between different dust sources (e.g., asteroid, JFCs, KBOs, OCCs, and ISM dust) and their 
variation with distance would provide important constraints on the ongoing production of IPD. 
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Figure 3-25. (a) Predicted dust cloud morphologies arising from solar system JFCs and OCCs as well as 
Kuiper Belt (EKB) sources (Figure courtesy of A. Poppe; A. R. Poppe et al. (2019)). (b) Estimated sky fluxes 
from the solar system dust cloud, the galaxy, and the CIB as a function of Interstellar Probe’s distance 
from the Sun at 1, 10, and 100 pm. 


Information about the large-scale structure of the circumsolar dust disk could be obtained in two 
ways: by pointed lookback IR measurements once the spacecraft is far outside the zodiacal cloud 
and via continuous IR measurements during the outbound trajectory. The latter technique would 
require repeated LOS mapping of the hemisphere forward of 90° solar elongation at different he- 
liocentric distances. This would provide brightness measurements of the cloud from a continually 
changing vantage point, until the signal ultimately vanishes as Interstellar Probe exits the cloud. 
With appropriate inversion techniques (such as the Radon transform used in magnetic resonance 
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imaging), one would be able to extract unprecedented 3D maps of the zodiacal dust distribution 
and produce revolutionary new constraints for current physical models of the cloud, particularly 
beyond 5 au. 


Finally, knowledge of the Zody cloud’s large-scale structure not only would provide insight into 
current solar system processes that generate and subsequently shape the cloud but also would 
help inform us about ancient solar system evolutionary events such as giant planet migration and 
planetesimal scattering (as in the late heavy bombardment [LHB]) and could conceivably put con- 
straints on the presence (or absence) of any undetected (to date) far outer solar system bodies 
(like Planet X). 


3.2.2.2. The Circumsolar Debris Disk Versus Protoplanetary Disks 


Since their initial discovery by IRAS in 1983 (Aumann et al., 1984), hundreds of circumstellar disks 
around nearby stars have been revealed by Wide-field Infrared Survey Explorer (WISE), Spitzer, Her- 
schel, and HST spectrophometry and now ALMA and Large Binocular Telescope Interferometer 
(LBTI) interferometry (Wyatt, 2008). They are seen around stars of all ages. For example, the HL Tauri 
system shows a remarkable PPD ring and gap structure, indicative of already solid planetary bodies 
in formation in a system that is likely less than 0.1 Myr old (Akiyama et al., 2016). Other observations 
show likely gas-giant formation in action in young (1-5 Myr old) gas-rich disks like HD 100546 (Grady 
et al., 2001). The images of older, gas-poor disks like HR 4796A (~10 Myr old), HD 32297 (~30 Myr 
old), and Fomalhaut (~440 Myr) show a well-developed, one-ring structure far from the central star, 
which begs the question: Is this a common feature of more mature systems such as our own solar 
system at 4.571 Gyr old, or is it due to the slow rate at which A-stars form planets? The mature Eta 
Corvi system at 1.4 Gyr is highly anomalous because of its very bright Kuiper Belt debris disk ring 
coupled with inner system primitive dust, suggesting an ongoing LHB-like event is occurring (Lisse et 
al., 2012; Marino et al., 2016). Overall, models suggest disks formed from the Kuiper Belt are com- 
mon but those formed from asteroid belts are rare (Patel et al., 2014; Schneider et al., 2018); 
whether this is a selection effect resulting from the sensitivity of present-day instrumentation or the 
simple fact that all systems formed with an outer edge to their PPDs, and hence an outer Kuiper Belt 
(while inner stable asteroid belts require unusual and rare planetary orbital stability conditions), re- 
mains to be determined. 


Recent results from the LBTI survey (Ertel et 
al., 2018; Ertel et al., 2019) suggest that the 
typical debris disk density around mature 
stars like the Sun is in the 5-10 “Zody” 
range, where 1 Zody is equivalent to the 
current solar system zodiacal cloud bright- 
ness at 11 um. While this is good news for 
efforts attempting to directly image planets 
around other stars (in that circumstellar Figure 3-26. IPDs encode chemical diversity of the Edge- 
dust is unlikely to create much of a con- worth-Kuiper Belt. (Image credit: ESA/Plank.) 
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Figure 3-27. The ALMA observatory has begun to deliver a wide range of sensitive, high-spatial-resolu- 
tion images of circumstellar disks that are completely revising our understanding of when and how 
planets around stars are formed. The systems range from extremely early planetary formation in PPD 
systems like HL Tauri (likely less than 100,000 years old), to the older Eta Corvi system (1.4 Gyr old) with 
its bright circumstellar Kuiper Belt debris disk and inner system belt. The large-scale structure of our 
own circumsolar debris disk (right) is largely unknown because all remote observations have been made 
from inside the dust cloud where the foreground IR emissions obscure the larger picture, while only one 
dust counter, New Horizons/Student Dust Counter, has ever been flown past 10 au from the Sun. (Image 
credit: NASA.) 


founding background signal versus the starlight reflected and reemitted from an exoplanet), it also 
suggests that our own system is dust-deficient. Is this true, and if so, is it because our system is 
“olanet-rich,” and planets efficiently clean out the local dust reservoirs, like the Kuiper and asteroid 
belts, as Greaves and Rice (2011) have argued, or is it because the solar system never suffered much 
planetary migration, and therefore never created a huge amount of relic dust sources to create a 
dense debris disk (Meshkat et al., 2017)? The answer to these questions bear on whether nearby 
Sun-like systems like Tau Ceti (G8V, ~6 Gyr old), with denser Kuiper Belts than ours, could have har- 
bored life-bearing planets (Greaves et al., 2004). 


Enabled by a purpose-defined spectrophotometric imaging and in situ dust sampling instrument 
suite and its trajectory through all of the known solar system debris disk sources, Interstellar Probe 
would make a groundbreaking contribution to our understanding of the zodiacal cloud’s structure, 
composition, and sourcing, finally providing us with local ground truth good enough to interpret 
exodisks. With this in hand, we will have a new ability to understand the past and present of an 
exosystem, to remove the exosystem foregrounds from exodisks that can interfere with the de- 
tection of exoplanets. Lastly, characterizing the dust environment is of decisive importance for the 
feasibility of launching small, high-speed spacecraft (“chipsats”) beyond the solar system, where 
dust impacts would deliver detrimental amounts of energy. 
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3.3. The Universe beyond the Circumsolar Dust Cloud 


3.3.1. Understanding the Infrared Sky 


Earth’s atmosphere presents a daunting foreground to measurements of the faint and diffuse 
emission from our cosmos. Glow from the night sky is typically orders of magnitude brighter than 
that from the diffuse astrophysical background, and at some wavelengths, observations are pre- 
cluded entirely (Leinert et al., 1997). Even early in the space age it was known that such measure- 
ments would need to be performed from space, whether using suborbital or orbital platforms 
(Berkner et al., 1961). The advent of cryogenically cooled telescopes in space, first IRAS, which 
launched in 1983 (Beichmann, 1988), and then COBE, which launched in 1989, gave us our first 
detailed views of the IR sky. IRAS found that the local IPD cloud as traced by the zodiacal light has 
a characterizing temperature of ~270 K and a mean optical depth toward to ecliptic pole of ~107’ 
(M. G. Hauser et al., 1984), and the COBE/Diffuse InfraRed Background Experiment (DIRBE) instru- 
ment allowed detailed models of the local IPD cloud to be made both at wavelengths where the 
emission is scattered sunlight (A < 3.5 um) and in thermal emission (A > 3.5 um; (Kelsall et al., 
1998). 


It quickly became apparent that, at most IR wavelengths, understanding the component of astro- 
physical emission from outside our solar system would be a demanding task. The zodiacal light is 
a bright position- and time-varying source of emission whose spectral and spatial morphology 
challenges measurement of large-scale structure in the light from our and other galaxies. Its 
brightness has historically contributed to significant uncertainties and errors not only in our de- 
termination of the aggregate light from the extragalactic universe but also in our understanding 
of the LISM and interstellar radiation fields (Zemcov et al., 2018). 


Measurements from within Earth’s 1-au orbital separation from the Sun are embedded within the 
local zodiacal dust cloud and offer only a single, obscured point from which to observe. Escaping 
the inner solar system and making observations far from the bright light of the Sun can offer sig- 
nificant advantages requiring only modest telescopes (Zemcov et al., 2018). The Interstellar Probe 
presents humanity’s first real opportunity to design and optimize astrophysical instrumentation 
for which the problems associated with a 1-au vantage point could be eliminated, and so truly 
open our understanding of the faint and diffuse universe for the first time. 


3.3.2. How Did Galaxies Form and Evolve in the Universe? 


The formation of stars in galaxies throughout the universe’s history is accompanied by the release 
of photons from both gravitational and nuclear mechanisms (Cooray, 2016; Michael G. Hauser & 
Dwek, 2001). This diffuse background, called the extragalactic background light (EBL; Figure 3-28), 
is present at all wavelengths where we have looked, and different wavelength regimes offer im- 
portant insights into a variety of physical emission mechanisms in the universe. Diffuse cosmic 
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Figure 3-28. The EBL in the context of cosmic history. The EBL integrates all photons emitted throughout 
the history of the cosmos and thus is a tracer of large-scale structure formation, galaxy assembly, and 
fundamental physics. The cosmic optical and IR backgrounds are produced by stars and galaxies in the 
universe and thus trace emission all the way from the epoch of reionization to today. We can constrain 
the total light from galaxies by counting galaxies in deep images, as shown at left, but also by observing 
their aggregate emission without the need to resolve them into individual sources of emission. (Figure 
adapted from ESA/Planck.) 


background radiation in the optical and IR parts of the electromagnetic spectrum sourced by the 
formation of and emission from stars is an expected relic of galaxy assembly (Low & Tucker, 1968). 
Measurements of the EBL at these wavelengths provide insights into large-scale structure for- 
mation, the history of nucleosynthesis, and even beyond-standard model physics in the universe. 


At the shorter end of the IR regime into optical wavelengths, the EBL is largely sourced by starlight 
in galaxies near the peak of their characteristic blackbody emission at 0.5—2 um. This emission is 
integrated over the history of galaxies at redshifts (z) < 5 and thus appears as a broad spectral 
feature in the range 1-10 um. The EBL at these wavelengths is usually called the cosmic optical 
background (COB). Light from star-forming regions as reprocessed by dust grains in galaxies also 
sources an approximately thermal background at mid-IR to FIR wavelengths. This is known as the 
cosmic infrared background (CIB; Figures 3-29 and 3-30), and it is a probe of the aggregate star 
formation of the universe integrated over time. Together, the COB and CIB trace the emplacement 
and lives of stars over cosmic history. 


There are a number of ways to constrain the EBL at these wavelengths. One possibility is to count 
the number of galaxies as a function of brightness in a particular region of the sky (Helgason et al., 
2014). This method only ever produces a lower limit to the emission because it relies on the as- 
sumptions that (1) the survey in question has found all galaxies, no matter how faint or diffuse, 
and (2) all photons in the universe are sourced in resolved galaxies. Because we have recently 
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Figure 3-29. Energy density of diffuse backgrounds in the universe, showing the release of energy from 
star formation in the optical (COB) as reradiated energy in the IR (CIB). Our current direct photometric 
measurements at A < 200 um are strongly contaminated by zodiacal light and require significant under- 
standing of this complex foreground to interpret. A definitive measurement would come from a capable 
instrument operating in the distant solar system where the light from local dust is much fainter than 
these extragalactic backgrounds. (Figure adapted from Cooray (2016).) 


found large populations of faint and diffuse galaxies (van Dokkum et al., 2015), and there is evi- 
dence for significant populations of stars cast out of galaxies as well (Zemcov et al., 2014), both of 
these assumptions can be questioned. A second method of determining the brightness of the 
COB/CIB is to use pair production of y-rays (Stecker et al., 1992). High-energy photons can interact 
with lower-energy photons and produce electron-positron pairs in the universe, and as a result, 
high-energy y-rays see the EBL as an attenuating “fog” in the universe. Over cosmological dis- 
tances, significant fractions of y-ray photons are converted to electron-positron pairs and are lost 
from a source’s spectrum. By comparing the observed spectrum of a blazar source to an estimate 
of its intrinsic spectrum, the strength of the attenuation can be measured. This effect has been 
successfully used to infer the brightness of the COB/CIB in the past (e.g., HESS Collaboration, 2017; 
Acciari et al., 2019). However, it is also prone to uncertainties from assumptions that are difficult 
to quantify (Dwek & Krennrich, 2013). First, we must assume we understand the intrinsic spectrum 
of the y-ray source, which because of the presence of complex particle physics is challenging. Sec- 
ond, some shape for the EBL must be assumed, and priors based on galaxy counts or other infor- 
mation must be placed on the COB/CIB to be constrained. Although these assumptions can be 
managed, it is very difficult to place fully understood uncertainties on the results. 


Se | 


The only assumption-free method to measure 
the COB/CIB is to perform direct photometry 
on the background. In this method, a small-ap- 
erture telescope is used to measure the abso- 
lute brightness of a patch of sky. Stars and 
other local sources of photons are masked or 
otherwise removed from the estimate, and 
multiple fields are imaged to show that the re- 
siduals are isotropic on the sky. If local sources 
of emission have been properly accounted, the 
resulting signal is a measurement of the 
COB/CIB. The primary importance of these di- 
rect EBL measurements is that they provide a 
cosmic consistency test, wherein the total 
number of photons observed through photom- 
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Figure 3-30. Predicted energy density of the com- 
bined COB and CIB (solid red line), the foreground 
from interplanetary dust (black lines) and diffuse 


galactic light at high galactic latitudes (green line), 
and the predicted contribution from reionization 
(teal region). The reduction in the interplanetary 
dust foreground is shown as a function of heliocen- 
tric distance from 1 to 5 au. Beyond Jupiter, the 
reionization signal is larger than the dust fore- 
ground and can be isolated from z < 5 galaxies. (Fig- 
ure adapted from Cooray (2016).) 


etry can be compared with the number in- 
ferred from galaxy counting or y-ray attenua- 
tion. If the assumptions and foregrounds inher- 
ent in all of these methods have been properly 
accounted, they will agree. More interestingly, 
a verified disparity between such measure- 
ments can provide evidence for new sources of 
photons in the optical and IR parts of the elec- 
tromagnetic spectrum, which includes relatively prosaic causes like stars outside of galaxies or 
very early populations of galaxies, or the possibility of more profound physics like dark matter 
decay and Lorentz violation in high-energy sources. 


As an example of the power of these kinds of measurements, we can look to very-long-IR wave- 
lengths where local foregrounds are faint and we have a relatively unobscured view of the EBL. 
The Planck and Herschel missions, in combination with a variety of ground-based data, have been 
used to probe the redshift distribution of the CIB emission, which is determined by the redshift 
distribution of the emitting galaxies, their dust content, and the history of structure formation in 
the universe (Korochkin & Rubtsov, 2018). In this method, fluctuations in the CIB are compared 
with other tracers of large-scale structure in the cosmos, for example gravitational lensing (Omori 
et al., 2017), to determine the common components and the history of the emission. This ap- 
proach offers us the ability not only to check the consistency of the aggregate emission through 
direct photometry of the CIB but also to disentangle its emissive history from cosmological struc- 
ture formation and other astrophysical factors of interest. 


At shorter wavelengths, our own zodiacal cloud obscures our view of the visible and near-IR CIB. 
Even in space, the zodiacal foreground is at least 10 and at some wavelengths 1000 times brighter 
than the COB/CIB, and properly accounting for this foreground is challenging. Although some pro- 
gress has been made in the optical and into the near-IR (Kalevi Mattila & Vaisanen, 2019), in the mid- 
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IR this kind of observation is virtually impossible from the Earth’s 1-au orbit. As a result of misesti- 
mation of the foreground, the systematic errors of current photometric measurements of the EBL 
exceed the integrated light from all galaxies outside our own by factors of at least several (K. Mattila, 
2003, 2006). Although measurements of the EBL from distant vantage points exist (Zemcov et al., 
2017), these have been made with instruments that are not expressly designed for this purpose and 
have significant systematic errors of their own. A purpose-built instrument designed with systematic 
error reduction and control in mind could perform a definitive measurement of the COB and CIB and 
allow us to match the promise of this method in understanding the cosmos. Enabled by its location 
and trajectory, Interstellar Probe offers the exciting opportunity to open the window to the CIB at 
wavelengths from 0.5 to 100 um as it travels outward beyond 5 au. 


3.3.2.1. | Searching for the Earliest Stars and Galaxies in the Cosmos 


The holy grail of COB measurements is the search for emission from the very earliest stars and 
(proto)galaxies in the universe at z > 5. After the release of the cosmic microwave background ra- 
diation in the early stages of the universe’s history, the cosmos was filled with purely neutral hy- 
drogen and helium that slowly cooled and collapsed under gravity as the universe expanded. Over 
time, over-densities in this material began to form stellar nurseries in which the first stars in the 
universe were born. These stars and their offspring are thought to have been very massive and UV- 
bright, and thus efficiently burned away the neutral gas in a process called reionization. We have 
strong evidence that the process of reionization was well underway by z~ 8 and essentially com- 
plete by z‘~ 6, but our census of the sources of emission at these high redshifts is woeful. Because 
large cosmic structures like galaxies take time to evolve, reionization is thought to have been dom- 
inated by very faint, small objects perhaps most similar to modern-day globular clusters or dwarf 
galaxies (Loeb & Barkana, 2001). However, our current techniques to search for these objects are 
limited to the most massive end of the mass distribution of galaxies (Salvaterra et al., 2011), and 
these galaxies were not the dominant sources of photons in the early universe. 


Interestingly, the process of reionization is thought to produce a diffuse background with a strong 
spectral feature from Lyman absorption. As a result, emission from the earliest epoch of star and 
galaxy formation is present in the EBL, redshifted into near-IR wavelengths today. Through careful 
comparison of a sufficiently precise measurement of the COB to galaxy counts and other con- 
straints, it should be possible to separate the small signal from the epoch of reionization and meas- 
ure the total emission from all cosmic sources at z > 5, regardless of their mass or other charac- 
teristics. This kind of measurement will provide a crucial test of models of reionization, including 
the characteristics of early stars and protogalaxies, the nature and thermodynamics of the gas, as 
well as its scattering and absorption properties. A properly designed spectral imager on the Inter- 
stellar Probe could reach the surface brightness sensitivity and systematic error control necessary 
to disentangle these various sources of emission and search for the diffuse reionization compo- 
nent of the COB in direct emission for the first time. 
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3.3.3. Dust in the Milky Way 


Through processes similar to those responsible for the zodiacal Light, dust in the interstellar radi- 
ation field of the galaxy produces a diffuse glow called the diffuse galactic light (DGL; Leinert et al., 
1998). The DGL is present both in scattered light at optical/near-IR wavelengths and in thermal 
emission at longer wavelengths. At the FIR wavelengths probed by IRAS, DIRBE, and Planck, the 
galactic emission (typically called cirrus at high galactic latitudes) is well understood. Our under- 
standing of the galactic emission at shorter wavelengths, particularly at high galactic latitudes, is 
less mature. At near-IR wavelengths, this light is typically very faint, even compared with the EBL, 
but because it contains a wealth of information about the physical environment where it originates 
and the dust that emits or scatters it into our LOS, it is worth taking advantage of the opportunity 
for an unobscured view to better understand it. This is a particularly salient topic in view of meas- 
urements at other wavelengths where new forms of emission have been found (Ichiki, 2014) or 
are required to explain existing results (Zemcov et al., 2014). 


At near- and mid-IR wavelengths, the DGL has a rich phenomenology (Draine & Hensley, 2013). It 
is present in scattering, in emission by diffuse gas, as lit by emission from ions and molecules, and 
possibly in dust luminescence. By separating the measured emission into different components, 
we can constrain the size of dust particles in different parts and phases of the ISM, constrain their 
thermodynamic properties, and understand their chemical makeup and interaction with the inter- 
stellar radiation field (Brandt & Draine, 2012). The Interstellar Probe offers a unique vantage point 
from which to observe dust in our own ISM, and thereby allow us to tie properties in our galaxy to 
those we find around us in the local and distant universe. 


3.3.4. Opportunities for Very Long Baseline Observations: Distribution of Planets and 
Massive Remnants 


Microlensing of distant stars by foreground massive objects is a time-domain technique where ab- 
rupt changes in the light curve of a monitor star can betray the presence of (normally invisible) 
lensing bodies between the source and observer. Microlensing is the most effective method for 
finding exoplanets beyond the snow line of their stars, which has been a difficult part of parameter 
space for exoplanet discovery (Figure 3-31). Because this technique does not rely on receiving light 
from the lensing object itself, it is uniquely sensitive to any massive body, including compact stellar 
objects (Wyrzykowski et al., 2011) and even free-floating planets (Mrdz et al., 2017). The mass and 
distance of a lensing object are degenerate in point source-point lens events, but this degeneracy 
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Figure 3-31. Microlensing exoplanet science. (Left) Example of a real microlensing light curve for system 
OGLE-2014-BLG-0124L. The observed microlensing light curve peak intensity seen by the Spitzer Space 
Telescope 4 days before the Earth-based OGLE peak was about 0.23 mag brighter, even though Spitzer 
was about the same distance from the Sun as the Earth. Just the parallax induced by Spitzer being ~50° 
around the Sun in its trailing orbit was enough to create this much-observed difference between the 
two measurements; imagine how much different the light curves obtained by the Interstellar Probe at 
10, 50, or 100 au from the Sun will be (image credit: NASA/JPL-Caltech/Warsaw University). (Right) Plot 
of detected exoplanet mass versus exoplanet distance from Earth. Of the current techniques of exoplanet 
detection, only microlensing can detect exoplanets farther away than 2 kpc, and thus planets around 
stars in different galactic stellar populations (e.g., bulge stars) than the Sun’s (Tsapras, 2018). 


can be broken if the event can be measured by observing it from multiple, widely separated loca- 
tions (Buchalter & Kamionkowski, 1997; Andrew Gould & Loeb, 1992). For events with extremely 
high magnification, the separation required for this degeneracy breaking is as small as Earth’s radius 
(A. Gould et al., 2009), but these are rare. More commonly, parallax is measured either because 
the event is long enough for Earth to move in its orbit during the event (Muraki et al., 2011), or by 
obtaining simultaneous light curves from Earth- and space-based observatories such as Spitzer and 
K2 (Dong et al., 2007; Street et al., 2016; Yee et al., 2015; Zhu et al., 2017). 


To illustrate this, a 1 M_sun object at 4 kpc lensing a source at 8 kpc has a projected outermost 
radius at the solar system of 4 au. Any observer within this region will see the object lens the source 
star over the same time frame, although the maximum magnification and time of peak will vary as 
a result of the different closest approach separations observed from different locations. A unique 
science case only possible from vantage points far from Earth is to follow up exoplanet lensing 
events with photometry to break the mass-distance lensing degeneracy (Zemcov et al., 2018). The 
lens mass to which this method is sensitive changes as a function of heliocentric distance, with 
planet-mass objects available in the inner solar system and stellar-mass compact objects like neu- 
tron stars and black holes available in the outer solar system. For the same parameters as the pre- 
ceding example, for a 10 M_sun black hole the radius of interest is 25.5 au. A number of theories 
for the formation of these objects have been proposed, from primordial objects formed soon after 
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the Big Bang (Carr et al., 2016) to the remnants of stellar evolution (Elbert et al., 2018), but the 
difficulties of observing non-accreting black holes at large in the galaxy have precluded quantifica- 
tion. Because merging stellar-mass binary black holes are one source of the recent detections of 
gravitational wave events (Abbott et al., 2016), these studies are salient. 


In terms of requirements on an interstellar probe, this science requires either close-to-continuous 
monitoring of a field in tandem with monitoring from Earth or flagged events from an Earth-based 
microlensing survey observed in close to real time. Both strategies would be available to an astro- 
physical instrument on Interstellar Probe but would require either large data telemetry rates or 
fast command upload and execution to catch events in time. The fields that are usually chosen for 
microlensing are crowded fields close to the galactic plane, which places significant requirements 
on the telescope’s angular resolution to prevent confusion. Further, this science requires pointed 
observations that are stable over a several-days-long time frame (at a minimum) and thus would 
require a very stable platform in terms of both attitude and the detector read chain. In our study, 
we concluded that a viable strategy for microlensing science would require a >0.3-m optical or 
near-IR wide-field telescope on a pointed platform. In the inner solar system, we could focus on 
planetary-mass objects, while in the outer solar system, we could focus on compact stellar rem- 
nants, which would require the instrument to be available for science for at least a few years. 
Although we would not need to point at a given field for months, the trade would need to be that 
the pointing of the telescope would be commandable within <24 hours. These all place significant 
engineering requirements on an astrophysical instrument, add significant mass, and are not easily 
compatible with a spinning spacecraft. Therefore, we conclude that this kind of science may be 
not be possible with Interstellar Probe as currently envisioned. 


3.4. Measurement Approaches 


In the following sections, we discuss the possible measurement approaches that could be used to 
address the science questions presented above. We describe the measurement and mission re- 
quirements that derive from these approaches. We summarize the current state of instrumenta- 
tion and any optimizations that would further improve performance or relax resource require- 
ments. It is important to note that no fundamentally new instrument technology is required to 
achieve the science discussed above. The groundbreaking science discoveries that await are all 
enabled by location. An example science payload is presented to frame the range of resource re- 
quirements that will directly feed into the science operations, mission architecture, and resulting 
asymptotic speed. Several trade-offs between science and mission scenarios will be done from 
this initial starting point. 


3.4.1. Magnetic Field Measurements 


Measuring the vector magnetic fields in the outer heliosphere and the LISM is critical for under- 
standing the global shape and nature of the heliosphere and its interaction with the ISM. The Voy- 
ager 1 and 2 in situ magnetic field measurements in the VLISM revealed smooth but strongly 
draped field lines. Measurements of the magnetic field strength and direction well beyond the HP 
are essential to identify the ISMF properties and the detailed mechanisms of how the heliosphere 
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Figure 3-32. Voyager 1 magnetic field measurements from 2009 to 2018 covering both the inner and 
outer heliosheath. (Image courtesy of A. Szabo.) 


interacts with the ISM. Measuring the magnetic field orientation in the LISM is also critical to dis- 
tinguish between different ribbon generation mechanisms. Magnetic field measurements are also 
critical to properly understand charged particle properties. The relative angle between the particle 
propagation and the local magnetic field, known as pitch angle, provides important information 
on the source and distance of the particle energization. 


3.4.1.1. Measurement Requirements 


The lowest fields measured by the Voyager spacecraft were encountered in the inner heliosphere 
and reached as low as 0.05 nT. Therefore, vector components as low as 0.01 nT have to be meas- 
ured reliably and even lower to address the role of turbulence. To identify the mechanisms re- 
sponsible for the interaction of the heliosphere with the ISM and determine the pitch angle distri- 
bution of charged particles, the full vector magnetic field has to be measured. The outer heli- 
osheath magnetic field has relatively low variability on the 48-second scale of the Voyager meas- 
urements (see Figure 3-32). Thus, a uniform 10- to 60-second measurement cadence is sufficient. 
In addition, traveling through the inner and outer heliosheath requires decades of travel time, 
necessitating very high temporal stability of the instruments. 


3.4.1.2. Mission Requirements 


To measure the extremely small magnetic fields of the outer heliosphere, a stringent magnetic 
cleanliness program has to be implemented for the spacecraft and for all of the instruments. Such 
a program has been successfully executed recently for the MMS mission (Russell et al., 2016) and 
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for the outer heliospheric mission Cassini (Narvaez, 2004). To minimize the impact of spacecraft 
generated fields, the magnetometers are typically placed on a boom away from the spacecraft. 
The 14-m Voyager magnetometer booms with two fluxgate magnetometers at different distances 
to observe the differential spacecraft fields were sufficient to reach an accuracy of ~0.1 nT. Occa- 
sional spacecraft rolls around the spacecraft-Earth axis provide additional calibration points for 
two of the three components. The Voyager spacecraft needed to perform such roll maneuvers 
every 30-60 days to maintain the required accuracy. 


3.4.1.3. Current State of Magnetometers 


While traditional fluxgate magnetometers are reliable for long-term, low-power operation and can 
measure the required low field levels at high cadence, they are not providing absolute measure- 
ments and require in-flight calibration to deal with their intrinsic drifts. On the other hand, scalar 
magnetometers provide an absolute measurement with a high sensitivity of 1 pT/VHz and the abso- 
lute accuracy of 0.01-nT magnetometers (Acufia et al., 2002; Gilles et al., 2001), but only at high field 
strengths (hundreds of nanoteslas), and their long-term operation is still being proven. A dual 
fluxgate magnetometer configuration such as on Voyager would therefore be a reliable option on 
an interstellar probe, although low-field scalar magnetometers are being researched. 


Table 3-2. Flown Magnetometer Resources and Capabilities 


Power | Bitrate TRL and 
Mission Instrument M k Capabilitie: fj References/No 
iss strume ass (kg) (W) (bps) pabilities Heritage eferences/Notes 
or Dougherty et al. (2004) 
oe With 6.8 W : . https://solarsys- 
out boom Dual configuration = 
(2.3 W tem.nasa.gov/missions/cas- 
Cassini oaks scalar 3600 9 sini/mission/spacecraft/cassini- 
scalar, , 0.01-10 nT, 10-60 s : 
1.97 kg 4.5 W orbiter/magnetometer/mag- 
jaeoh vector) Homer neces: technical-write-u 
nese? E. J. Smith et al. (2001) 
Anderson et al. (2007) 
MESSENGER 4.09 5.13 1130 3 axes 9 
Bale et al. (2016) 
Dynamic range: 
+650 nT (low 
range); +10,500 nT 
(high range) 
a Non-linearity: <3 x 
MMS ang 0.45 10-5 (low range); <6 9 Russell et al. (2016) 
-4 A 
board) x 104 (high range) 
Noise density at 1 
Hz: <8 pT/VHz (low 
range); <100 
pT/VHz (high range) 
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3.4.2. Charged Particle Measurements 


Among the top scientific objectives of an interstellar probe is the characterization of the complex 
interactions of the plasma, magnetic field, and neutral interstellar gas taking place from ~30 au 
(the distant supersonic solar wind), through the heliosheath, out to the pristine ISM. Voyager’s in 
situ measurements of the magnetic field and plasma waves, as well as its observations of charged 
particles (suprathermal tails, ACRs, and GCRs), provided a glimpse of these phenomena but also 
uncovered more surprises, as discussed above. 


PUIs play a dominant role in the force balance in the heliosheath and are created everywhere by 
charge exchange of the local plasma with the interstellar neutral gas, both in the LISM and inside 
the HP. In the inner heliosphere, PUls are also produced by photoionization and electron impact 
ionization of the local interstellar gas that is able to penetrate close to the Sun. PUls are mostly 
singly charged and have unique velocity distribution functions, with a sharp cutoff at twice the 
bulk speed of the local plasma. PUIs play a dominant role in the dynamics of the outer heliosphere 
and LISM because they carry most of the particle pressure (Gloeckler & Fisk, 2015). Their crucial 
role in the dynamics of the outer heliosphere and the LISM could not be studied with Voyager 1 
and 2 because PUls were and are not measured by those spacecraft. Therefore, it is essential for 
an interstellar probe to determine the relationship between the thermal plasma and the energetic 
particles in the LISM as well as identify any other thermal populations over the energy range of 
tens of electronvolts to hundreds of kiloelectronvolts, where Voyager left a gap at 5-30 keV. 


Thermal and suprathermal plasmas (up to tens of kiloelectronvolts) are traditionally measured by 
electrostatic analyzers (ESAs) to determine the energy to charge (E/q) of the ions. When of time- 
of-flight (TOF) measurements are added to determine the ion’s velocity, the particle’s mass, en- 
ergy, and charge can be uniquely identified. 


To determine the energization pathway of ACRs and determine their elusive source, measure- 
ments of protons, He, O, and other heavy ions from hundreds of kiloelectronvolts to 1 GeV/nuc as 
well as their anisotropies are required. GCRs in the 1 MeV/nuc to 1 GeV/nuc range are deflected 
by the heliosphere, and thus more than 75% of GCRs never reach the inner solar system where 
they otherwise could affect the chemical evolution of atmospheres. Therefore, it is important for 
general habitability to understand how an astrosphere shields its planetary system from GCRs. 
However, GCR anisotropies are sensitive to remote field variations and are therefore used as an 
effective remote diagnostic of the field configuration of the heliosphere, and once beyond the HP, 
they provide insight into how the solar disturbances can propagate deep into the ISM (Gurnett et 
al., 2015; Hill et al., 2019; Krimigis et al., 2013; Rankin et al., 2019). Well into the pristine ISM, 
where our Sun no longer has direct influence, the vantage point of an interstellar probe would 
allow spectra of GCRs that are unperturbed by the heliosphere to be obtained and therefore would 
provide further insight into their source and interaction with the galaxy. 


The measurement technique for the high energy ranges of ACRs and GCRs is rather well developed 
and relies on a stacked solid-state detector telescope. Several such detectors have flown, such as 
the Solar Isotope Spectrometer on ACE (E. C. Stone et al., 1998). The upper energy range is directly 
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Figure 3-33. Voyager 1 LECP measurements have shown that GCRs can exhibit coherent time-dependent 
anisotropies in interstellar space. This seems to arise from disturbances that induce mirroring regions 
that modulate the GCR intensities, resulting in a narrow dropout at 90° pitch angle. (Image courtesy of 
R. Decker.) 


related to mass because material is needed to totally stop the particle in the detector to obtain 
the measurement. Maximum angular coverage could be achieved by using a spinning platform 
and multiple telescopes to cover several look directions simultaneously. 


While the physics within the heliosphere has been previously addressed with Ulysses/SWICS and 
ACE/SWICS observations (Allegrini et al., 2005; Geiss et al., 1995; Gloeckler et al., 1992; Gloeckler 
& Geiss, 1996; Schwadron et al., 2000), lack of full 3D velocity distribution function measurements 
(i.e., arrival directions of ions) and the small geometric factor of SWICS inhibited the progress and 
understanding of the particle processes in the heliosphere. For example, neither the origin nor the 
production mechanism for “inner-source” PUls has been established (Allegrini et al., 2005; 
Gloeckler & Geiss, 1996), and while the cosmologically important density of pickup 7He* was meas- 
ured for the first time with Ulysses/SWICS (Gloeckler et al., 1992), this value had a large uncer- 
tainty. 


Table 3-3 below summarizes example specific measurement objectives and their respective meas- 
urement requirements. 
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Table 3-3. Measurement Requirements for Various Charged Particle Populations 


Measured Particle Populations 


Measurement Requirements 


Bulk thermal plasma of the solar wind 
(SW) or the interstellar wind (IW) 


(a) Density, velocity, and parallel and perpendicular temperatures 
(b) Full 3D velocity distribution functions (vdfs) of Ht and He** for bulk speeds from 
~0 to 1000 km/s 


Thermal plasma of SW or IW minor ions 


Full 3D vdfs of #He** and of high charge state C, N, O, Ne, Mg, Si, S, A, and Fe for bulk 
speeds from ~0 to 1000 km/s 


Locally created PUls (interstellar and 
inner source) from 1 au to the 
heliopause 


Full 3D vdfs of 3Het* and of singly charged and low charge state He, C, N, O, Ne, Mg, 
Si, S, Ar, and Fe for bulk speeds from ~0 to 1000 km/s 


Suprathermal tails 


Full 3D vdfs of H*, He**, and He*, as well as dominant charge states (both low and 
high) of C, N, O, Ne, Mg, Si, S, A, and Fe from 15 to 500 keV per charge 


ACR and GCR anisotropies 


Full 3D vdfs of H, He, C, N, O, Ne, Mg, Si, S, Ar, and Fe from 0.2 to 1 GeV/nuc 


Electrons 


Full 3D vdfs of electrons from a few tens of electronvolts to 30 MeV 


Table 3-4. Examples of Current Charged Particle Instruments That Have Flown, Are in 
Operation, or Are in Development 


ok Mass Power | Bitrate ci TRL and 
Mission Instrument (kg) (W) (bps) Capabilities Heritage References/Notes 
Elemental isotopic 
Nominal: composition, electron and 
ACE 6.8 28) | -aggey |) OR INStMents Sebaate 9 Russell et al. (1998) 
Peak: 6.1 H, He, e-; E/Q dist.; 
~0.001 MeV/nuc 
Russell, C. T., et al. 
Chemical/isotopic (1999) The Advanced 
Nominal: composition of solar and Composition Explorer 
ACE 6 5 504 ISM 9 Mission. Springer 
Science+Business 
Peak: 6.1 2<2Z< 30; Z, E; ~0.001 Media 
MeV/nuc; E/Q, TOF-E 
Gloeckler et al. (1998) 
Nominal: Peale tee RUSS Statrel 
16.5 0.2 MeV/nuc to aie a eaaedaes 
ACE 38,3 608 5 MeV/nuc 9 ae 
Beadle Mission. Springer 
175 2<Z<30:0,Z,E,~1; ene 
E/W; dE/dx - E 
3D velocity distribution 
function and ionic charge 
state/mass 
composition/arrival D. J. McComas et al. 
Mas = ans 2300 direction - 0.5—80 keV/q ° (2018) 
ions, 0.03—5 MeV/nuc 
ions, 20-600 keV 
electrons 
IMAP ~12.55 | ~30.5 | ~10500 In development “5 No reference 
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Mission Instrument 


JUICE 


JUICE 


New 
Horizons 


New 
Horizons 


Parker 
Solar Probe 


Parker 
Solar Probe 


Mass Power | Bitrate TRL and 
iliti : Ref N 
(kg) (Ww) (bps) Capabilities Heritage eferences/Notes 
74 Combined energetic ion 
(sensor), and ENA camera ~1—300 . 
7.0 76 | 500 | keV/nuc (ENA), 5 MeV 8 Brengee! = ae dy 
(shieldin ions, FOV: 90° x 120°, 2° P 
g) res (>10 keV H) 
a Energetic electrons 25 
19 : 12 <500 keV —1 MeV, deltaE/E < 8 P. Brandt, personal 
aa : 20%, FOV: 12° x 180°, communication 
(shieldin ° ° 
2) deltaomega = 12° x 22 
9 
Heritage: 
lon detector, FOV: 160° x | MESSENGER/ 
1.5 2.5 91 12°, ion energy detection EPS, McNutt et al. (2008) 
range 20 keV—1MeV_ |Firewheel/ICT 
MEPA/AMPTE 
CCE 
Electrostatic analyzer - 35 
eV-7.5 keV D. McComas et al. 
3.3 2.8 280 9 (2008) 
AE/E~0.085 
0.5-30 keV/q 
AE/E ~ 0.3 
Interstellar PUI: 3He+, 
4He+, N+, O+, 20Ne+, 9 
22Ne+, Ar+ 
Heritage: 
: a pee Inner source PUI: C+, O+, | Parker Solar Raspel eusliec@) 
Me+, Si+ Probe/SWEAP 
, ACE/SWICS 
Mass and charge state of 
H-Fe ions: 
1.4 x 10-3 cm? sr eV/eV 
6° x 360° 
Clark et al. (2016) 
>8 D. J. McComas et al. 
0.03-5 MeV/nuc (2016) 
Heritage: 
1-—>60 amu Parker Solar |Rodriguez-Pacheo, J., et 
5.1 5 500 Probe, ACE, Jal. (2019) The Energetic 
12° x 10° x 7° over 360° | Juno, MMS, | Particle Detector (EPD) 
Van Allen Energetic particle 
0.2 cm? sr Probes, Solar Jinstrument suite for the 
Orbiter Solar Orbiter mission, 


Astronomy & 
Astrophysics, accepted 
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oe Mass Power | Bitrate ica TRL and 
Mission Instrument (kg) (Ww) (bps) Capabilities Heritage References/Notes 
Rises: Russell, C. T., et al. 
75 j (2001) The Advanced 
ACE Solar Isotope 2A : 1992 2<Z<30;2Z,M,E,~ 20 9 Composition Explorer 
Spectrometer (SIS) : Beate MeV/nuc; dE/dx - E Mission. Springer 
79 4 Science+Business 
. Media 
Gomez-Herrero et al. 
(2017) 
Rodriguez-Pacheo, J., et 
: 50 keV/nuc — 14 MeV/n Heritage: |al. (2019) The Energetic 
Pe See ies 6.8 3.8 400 for CNO ACE/ULEIS, | Particle Detector (EPD) 
sai CUA as STEREO/SIT | Energetic particle 
two telescopes, pointing instrument suite for the 
130° apart, FOV 22°, geo Solar Orbiter mission, 
factor 0.2 cm? Astronomy & 
sr Astrophysics, accepted 


3.4.2.1. | Further Optimizations 


In general, no new technologies are required to meet the measurement requirements. However, 
solutions are needed to optimize mass, power, and data volume to meet the large required dy- 
namic range of particle intensities, energies, and charge states within the resource constraints of 
an interstellar probe mission. 


3.4.3. ENA Imaging of Global Heliospheric Interactions 


ENA imaging is a powerful tool for remotely diagnosing space plasma interactions to reveal the 
global morphology and dynamics of ion distributions in planetary magnetospheres, solar wind in- 
teraction with weakly magnetized planets, and also the heliospheric interaction with the LISM. 
ENAs are generally produced through charge exchange between ions and neutrals. Given the cen- 
tral role of charge exchange in the interaction between the heliosphere and the LISM, ENA imaging 
is one of the more effective tools for remotely probing several aspects of this interaction. 


Several missions have used ENA cameras to study the magnetospheres of Earth (Astrid, IMAGE, 
TWINS, IBEX, Double Star), Saturn (Cassini), Mars and Venus (Mars and Venus Express), and soon 
also Jupiter (JUICE). Hsieh et al. (1992) was the first to extend the application of ENA imaging to 
the heliosphere and hypothesized that it could provide information on the morphologies of tran- 
sient shocks, CIRs, and the TS. Gruntman and Fahr (2000) developed this idea further with detailed 
analysis showing the ENA intensities for three different types of TSs (a gas-dynamical strong shock, 
a weak shock with thermalized pickup protons, and a weak shock with non-thermalized protons). 
Funsten et al. (1994) presented a detection technique that would enable ENA imaging in the 0.2- 
to 6-keV range. Based on these results and others, IBEX was proposed in 2003 and later launched 
in 2008 (D. J. McComas, Allegrini, Bochsler, Bzowski, Collier, et al., 2009). The famous IBEX ribbon 
was reported after about 1 year of operations by D. J. McComas, Allegrini, Bochsler, Bzowski, 
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Christian, et al. (2009). Krimigis et al. (2009) reported ENA observations from INCA at higher ener- 
gies than IBEX and concluded that the observations did not conform to the current models of a 
comet-shaped heliosphere. 


In the low energy range from 10 eV to several kiloelectronvolts, ENA imaging targets the direct 
interstellar neutral flow of H (26 eV), He, O, and Ne but also can detect ENAs resulting from the 
complex interaction between the interstellar plasma deflected at the HP likely producing the so- 
called secondary streams (Kubiak et al., 2014; Park et al., 2016). Given the vast scales of the heli- 
ospheric boundary, an imaging cadence of a month or less is required. An angular resolution of 
~3° would be required to separate the secondary from the primary stream and to constrain the 
temperature of the interstellar plasma believed to cause the secondary stream. Note that the high 
asymptotic speed of an interstellar probe would make the detection of these low-energy ENAs 
beyond the HP very difficult because of the apparent shift in energy due to spacecraft motion away 
from the Sun. 


The detection of low-energy neutrals relies on charge conversion of the primary neutral particles 
such that conventional analysis techniques can be used to determine their composition and ve- 
locity. The conversion techniques include use ultrathin foils (~ug/cm?), conversion surfaces, and 
electron impact ionization. 


Several important features appear in the medium (from ~1 keV), such as the ribbon. In the high 
(tens of kiloelectronvolts) energy range, the continuation of the ribbon, the belt, appears. Further- 
more, in this high energy range, the ion lifetime against charge exchange is much longer such that 
ENA images from ~50 keV will reveal more of the large-scale structure of the heliosheath. Ultrathin 
foils in both of these energy ranges are used exclusively because they have higher efficiency than 
any conversion surface or ionization technique at those energies. Although ENAs readily penetrate 
foils well below 1 keV, their angular scattering is significant, resulting in a very degraded angular 
resolution. To overcome this challenge, collimators that physically restrict the acceptance angle of 
the incoming particles have been used, such as on IBEX-Hi (Funsten et al., 2009). The drawback of 
a collimator is a dramatic decrease in the geometric factor. Above ~5—10 keV, the angular scatter- 
ing decreases rapidly to ~2° or less for the thinnest achievable carbon foils (~0.5 ug/cm?) (Allegrini 
et al., 2016), eliminating the need for a collimator; hence, a larger geometric factor and wide field 
of view (FOV) can be achieved. For these reasons, two different instrument types are still required 
to cover the medium-to-high energy ranges with a high angular resolution. This is the case on the 
IMAP mission, where IMAP-Hi and Ultra cover these ranges. 


ENA observations most efficiently cover the sky from a spinning platform because the source is 
rather extended across the sky. This is particularly true for the high-energy ENA cameras that can 
accommodate a wider FOV. For the low- and medium-energy ENA cameras that often only have a 
restricted FOV, a mechanically scanning platform enables wider sky coverage, as is the case with 
the IMAP-Lo camera on board IMAP (D. J. McComas et al., 2018). 


ENA imaging from the changing vantage point of an outward trajectory much beyond 10 au would 
offer critical constraints on the hypotheses of the global structure, the ribbon, and the secondary 
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stream that are not possible from IBEX, Cassini, and IMAP. Once beyond the HP, a vantage point 
in the ecliptic in the range of 45°-135° off the longitude of the nose would be preferred to obtain 
the first ENA images of the heliosphere from the outside that could be used to determine the 
shape of the heliosphere and differentiate between a bubble-like heliosphere and one with a tail, 
or something not foreseen (Figure 3-3). On a Sun-pointed spinning spacecraft, this would require 
an FOV that comes very close to the Sun direction without running the risk of light contamination. 
In addition, ENA images from inside the heliosphere while traveling outward would be needed in 
the nose direction. To satisfying these two needs, two cameras would be desired, or one with an 
FOV that is close to 180° in relation to the spin axis 


Table 3-5. Summary ENA Imaging Objectives and Requirements 


Measurement Objectives Measurement Requirements 
Ribbon 0.4-6 keV, H, 2° angular resolution 
Belt, force balance in the heliosheath 5-40 keV, H, ~5° angular resolution 
Global heliospheric structure >50 keV, H, He, O, <10° angular resolution 
Primary interstellar neutral flow (velocity, E 10-2000 eV, DE/E ~ 0.5, counting dynamic range ~10®, FOV 2pi Ram 
temperature, density) with 3 x 3°, composition for H, D, He, O, Ne 
Secondary interstellar neutral flow viewed from E 10-2000 eV, DE/E ~ 0.5, counting dynamic range ~10®, FOV 2pi Ram 
inside the heliosphere (velocity, temperature, with 3 x 3°, composition for H, D, He, O, Ne 
density) 


Table 3-6. Examples of Current ENA Instruments That Have Flown, Are in Operation, or 
Are in Development 


— Mass Power | Bitrate aie TRL and 
Mission Instrument (kg) (Ww) (bps) Capabilities Heritage References/Notes 
74 . 4 
ences combined energetic ion and 
JUICE 70 : 76 500 ENA camera ~1-300 keV/nuc 8 Brandt et al. (2020), in 
(shieldin : (ENA), 5-MeV ions, FOV: 90° x press 
3 120°, 2° res (>10 keV H) 
21.5° (electron optics limit) 
90° x 120° 
<7 keV/nuc — 3 MeV/nuc 
Cassini 6.9 3 500 iENA) 9 Krimigis et al. (2004) 
H, He, O, S 


GF: <1.8 cm? sr 


Efficiency: 0.2 (H) 


eho) 
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Mission 


Chandrayaan- 
1 


IBEX 


IBEX 


IMAGE 


IMAGE 


Instrument 


Mass | Power | Bitrate ee TRL and 
: References/Notes 
(kg) (W) (bps) Eabebilities Heritage / 
ENA 10 eV — 3.2 keV 
1-56 amu 
H, O, Na/Me/Si/Al-group, 
K/Ca-group, Fe group 
1.98 10 2000 9 Barabash et al. (2009) 
FOV: 15° x 160° 
Efficiency: 0.01-1% 
G-factor/sector-* cm2 sr 
eV/eV at 3.3 keV 
D. J. McComas, 
Allegrini, Bochsler, 
er ey ied Bzowski, Collier, et al. 
channels (2009) 
=e 88 700 nelle, ONE 2 Fuselier et al. (2009) 
45 x2 gine scanning Gel Mecomas: 
e Allegrini, Baldonado, et 
al. (2009) 
0.38-6.0 keV poi Mecames 
5 Allegrini, Bochsler, 
7 Bzowski, Collier, et al. 
7.37 0.65 100 9 (2009) ’ 
3 x 10-3 cm? sr eV/eV at 2.2 
keV (double coincidence, incl. Funsten et al. (2009) 
eff.) 
Energy range: ~10—300 
keV/nuc 
Energy resolution: <0.25 
Mass resolution: H and 
19.05 | 14.6 | ~1700 nouns 9 Mitchell et al. (2000) 
FOV: 120° x 90° 
Angular resolution: 23° 
Sensitivity: 0.3 cm? sr (H), 
1.6 cm? sr (O) 
FOV: 140 x 360 
Energy range: 1-70 keV 
13.9 22.5 4300 9 Pollock et al. (2000) 
Energy resolution: 80% 
H,O 
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or Mass | Power | Bitrate ae TRL and 
Mission Instrument (kg) (w) (bps) Capabilities Heritage References/Notes 
ENA 15-1250 eV 
T. E. Moore et al. 
IMAGE 20.75 13:1 500 E/dE =1 9 (2000) 
1-20 amu 
combined energetic ion and 
7 7 7 ENA camera “1-300 keV/nuc Brandt et al. (2020), in 
Daal nie ae 200 (ENA), 5-MeV ions, FOV: 90° x 2 press 
120°, 2° (>10 keV H) 
Energy range: 5—1000 eV 
IMAP N/A | N/A | N/A Pointing knowledge: 0.1° Dds MESSI ase tall 
(2018) 
Angular resolution: 9° FWHM 
Angular resolution: 4° 
Energy range: 0.41—-15.6 keV 
Energy resolution: < 0.45 D. J. McComas et al. 
IMAP NA NA ve (E_FWHM/E) (2018) 
SNR: >100 
Mass resolution (M/AM): 5 


3.4.3.1. Further Optimizations 


ENA cameras that exist today can achieve the science goals of an interstellar probe, but current 
masses for the low, medium, and high energy ranges amount in total to ~30 kg or more, which is 
a significant fraction of any payload mass allocation. Therefore, efforts to optimize mass by, for 
example, combining instrumentation of different energy ranges are desirable. 


High angular resolution at low energies with a relatively compact instrument remains a challenge. 
Collimation and charge conversion technology are areas that are seeing development and im- 
provements. With the recent developments in additive manufacturing techniques (“3D printing”), 
specialized collimators are less of challenge nowadays. Although efficiencies in charge conversion 
surfaces or foils have improved some over the last decade, it remains an element that limits the 
overall sensitivity. 


While low-energy (<1 keV) imaging requires a different technique, medium-energy (1-10 keV) and 
high-energy (10-100 keV) imaging has the potential of being combined to enable a more compact 
ENA imaging payload. The challenge here is to maintain a sufficiently high angular resolution (<5°) 
down to low energies without sacrificing the geometric factor too much at the higher energies, 
where ENA intensities are lower (but angular scattering in the foil is small). For example, IM- 
AGE/MENA, IBEX-Hi, and IMAP-Hi all used collimators that restricted the attainable solid angle and 
therefore the geometric factor. Corresponding high-energy ENA cameras (IMAGE/HENA, 
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Figure 3-34. Simulations of the heliosphere from a side-view vantage point at 250 au demonstrating the 
expected general views at different energies. Plasma flows are taken from the MHD model by Opher et 
al. (2015) and thus do not assume any ribbon or other observed features. (Left) At low energies, the neu- 
tralized solar wind dominates the images, and in the heliosheath, ions are lost to charge exchange after 
a relatively short convection distance. (Right) At higher energies, ions survive for long distances in the 
heliosheath, providing more complete images of the global heliospheric shape. (Image courtesy of B. 
DeMajistre; Demajistre et al. (2018).) 


Cassini/INCA, IMAP-Ultra) do not require collimation and therefore have larger geometric factors. 
Acceptable trades here could include the use of ultrathin graphene foils (Allegrini et al., 2016) that 
can be made thinner than amorphous carbon foils because of their superior strength. This would 
minimize the angular scattering at the low-energy end. Another trade includes using one sensor 
with one collimated aperture and one non-collimated aperture, which would add to the complex- 
ity of such an instrument. 


Although ENA intensities from the heliosheath are generally very low (<10 particles per cm? srs 
keV), their dynamics is such that required integration times are on the order of days or more. 
Therefore, a high signal-to-noise ratio (SNR) is important in addition to maximizing the geometric 
factor within the available mass allocation. Backgrounds include cosmic rays and UV, and experi- 
ence from past missions implies that triple coincidences are needed, in particular at the higher 
energies that may reveal the larger heliospheric structure. 


3.4.3.2. | Sampling Interstellar Gas Composition and Isotopes 


As discussed above, the elemental composition of the interstellar neutral gas inside and outside 
the heliosphere is a critical property of the ISM as well as how the heliospheric boundary processes 
modify it. Determining the relative isotopic composition of major neutral components of the LISM 
is also important for testing nucleosyntheses models. Important ratios to measure include D/H, 
3He/*He, C/?C, 180/190, 72Ne/?Ne, and 28Ar/2°Ar as well as the abundance of Li compared to the 
SS value. Isotopic measurements of the neutral ISM component provide an understanding of these 
properties well before an interstellar probe reaches the pristine LISM, whereas the isotopic com- 
position of the corresponding ions may not be representative of the pristine LISM, which is be- 
lieved to start at 500-600 au. 
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There is a considerable discussion about how tightly the ions and neutrals are coupled in the VLISM 
(i.e., at the edge of our cloud at a few thousand astronomical units). While the mean-free path of 
neutrals is very large, the mean-free path for interstellar ions is only a few hundred astronomical 
units. In addition, ions are affected by the ISMF and the electromagnetic fields associated with the 
boundary of the cloud. Thus, at 1000 au, ions and neutrals might not be in equilibrium. 


Measurements should be performed along the spacecraft trajectory at regular intervals with direct 
measurements about a day every week, which requires a sensitivity of ~10-? cm. Collecting gas 
samples in a chamber over “6 months is a complementary method to increase the statistics of the 
sample and could achieve a sensitivity of 10°° cm-?. In general, a background rejection sufficient 
to measure 0.1 neutrals/cm? in an ambient of 1E6 neutrals/cm? is required. Instrument FOV must 
be pointed within 10° of the ram direction to collect gas samples, with occasional pointing away 
from the ram direction to allow for background measurements. 


Table 3-7. Current State of Neutral Gas Mass Spectroscopy 


Measurement Objectives Measurement Requirements 
Elemental composition of LISM H to Fe, m/Am > 200 (10) 
Molecular composition Mass range 1-150 u/e (regular), 1-300 u/e (high mass range) 
Major isotope ratios D/H, 3He/*He, #3C/22C, 180/160, 22Ne/2°Ne, 38Ar/36Ar 
Attenuation inside termination shock region Time cadence 1 x week 
Possible pileup at heliopause Time cadence 1 x week 
Composition of pristine LISM Mass 1-56 


Table 3-8. Examples of Current Neutral Mass Spectrometers That Have Flown, Are in 
Operation, or Are in Development 


_ Mass | Power | Bitrate sie TRL and 
Mission | Instrument (kg) (W) (bps) Capabilities Heritage References/Notes 
| Magnetic mass spectrometer, reflec- 
Rosetta Or- | 34.8 49 tron-type TOF mass spectrometer — Balsiger et al. (2007) 
biter Spec- molecules up to 300 amu 
trometer for} 16 for | 19 for Wurz. P.. etal. The 
Rosetta lon and DFMS | DFMS | 20000 | Mass range: 12-150, resolution: m/dm 7 on , 
. ROSINA Neutral Gas 
Neutral > 3000 for DFMS 
A Mass Spectrometer on 
Analysis 15 for | 24 for ee 
(ROSINA) | RTOF | RTOF Mass range: 1— 500, resolution > 500 
for RTOF 
Isotope ratios: D/H, 3He/*He, #3C/22C, 
18, 16, 22 20 38 36 
Dae Nei Ne ener, 9 Mahaffy et al. (2014) 
Li abundance a ; 
LADEE NMS 3.5 5 i Cassini, Balsiger et al. (2007) 
LADEE, Ro- 
Pemooteese setta Waite et al. (2004) 
Sensitivity: 0.1 cm? 
ae NGMS 3.5 | 6.8-23 |1000000 Mass range: 1-1000 <9 Fausch et al. (2018) 
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a Mass | Power | Bitrate ao TRL and 
Mission | Instrument (kg) (W) (bps) Capabilities Heritage References/Notes 
lon Neutral. 
Gene 103 | 233 | 1495 Mass range: 1-99 Daltons 9 Waite et al. (2004) 
trometer 
(INMS) 
Mass range: 1-1000 amu 
3.1 
JUICE nms_— |(sensor| 24:3- |10-1000} Mass resolution: m/Am > 1100 8 eae Det cna benim: 
18.5 munication 
only) 
l FOV: 10° x 300° 


3.4.4, UV Imaging of Interstellar Hydrogen 


There is a long history of measurements of interplanetary Lyman-alpha emissions (Eric Quémerais 
et al., 2006). The sensors range from very simple single-element devices (e.g., channeltrons) to 
larger, sophisticated spectrographs (e.g., Hopkins Ultraviolet Telescope [HUT] and HST) on astro- 
nomical missions. One can achieve a reasonable map of interplanetary and/or interstellar H 
Lyman-alpha with a relatively simple system. 


The integrated line brightness near Earth varies across the sky between 400 and 1400 R depending 
on the phase of the solar cycle. In the outer solar system, brightness levels of a few tens of ray- 
leighs, although dim, are sufficient to produce statistically valid and useful signals. In the ISM at 
400 au, the scattering of the solar radiation on interstellar hydrogen would contribute <5 R 
(Gruntman & Izmodenov, 2004). However, a contribution from the galactic plane of ~10 R has 
been detected from the study of the Voyager UVS data and correlated with H alpha emissions 
from H Il regions (Rosine Lallement et al., 2011). 


Table 3-9. Lyman-Alpha Spectrographic Imaging 


Measurement Objectives Measurement Requirements 


Measure interplanetary and LISM H phase space __| Spectrally resolved Lyman-alpha line profile observations (<20 km/s, 
density preferably <3 km/s) with a sensitivity of <1 R/res. element 


Characterize the diffuse galactic Lyman-alpha to Spectrally resolved Lyman-alpha profile over a wide range with <20 km/s 
constrain radiation transfer in galaxies resolution 


The interplanetary hydrogen Lyman-alpha line at 121.6 nm is created from resonant scattering of 
solar photons by interplanetary and interstellar atomic hydrogen. The scattering process is reso- 
nant in the rest frame of the H atom, so that the line’s integrated intensity and the shape of the 
line provide important diagnostics about the distribution of hydrogen atoms in the LISM, including 
their number density, temperature, and bulk velocity. These are critical parameters defining the 
size and behavior of the heliospheric interface. 


A range of UV instruments with varying complexity have been flown on planetary missions, includ- 
ing the Ultraviolet Spectrometer (UVS) on board Voyager 1 and 2 (Broadfoot et al., 1977), the Alice 
Ultraviolet Imaging Spectrograph on board New Horizons (A. S. Stern et al., 2008), and the Solar 
Wind Anisotropies (SWAN) spectrograph on board SOHO (Bertaux et al., 1995). In general, there 
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are two fundamental types of approaches: the first uses a photodetector to collect all of the emis- 
sion in the Lyman-alpha line to measure the LOS intensity, and the second uses a hydrogen ab- 
sorption cell to reconstruct the Lyman-alpha line profile. The absorption cell uses its internal H 
atoms as a narrow-band absorption feature. The motion of a spacecraft provides a Doppler-shift 
of this narrow absorption feature against the interstellar H emissions. By observing in different 
directions and at different times of year (for a solar orbiting platform), the absorption cell blocks 
out different parts of the interstellar line. The active H cell scatters out a portion of the incoming 
Lyman-alpha line, determined by where the line center of the H in the absorption cell appears to 
fall on the observed Lyman-alpha. The amount of attenuation depends on the number of H atoms 
in the cell. That H fraction is zero when the cell is off. When the cell is activated, a tiny fraction of 
the Hz gas is dissociated in H. Those are the H atoms that provide the absorption. The second 
approach is to use a high-resolution spectrograph. The most common approach is to operate the 
spectrograph an Echelle configuration that fully resolves the Lyman-alpha line shape. 


Table 3-10. Examples of Current UV Instruments That Have Flown, Are in Operation, or Are 
in Development 


Mass| Power | Bitrate TRL and 


Mission | Instrument (ke) | (w) | (bps) Capabilities Heritage References/Notes 
Voyager | UVS | 4.52} 3.2 160 3.3nm 

Mee ws |44] 44 | — 0.9 nm 
Horizons 


0.001 nm (with absorption 


SOHO SWAN {13.25} 11 200 cell) 


HST STIS N/A} N/A N/A 0.008 nm 
MAVEN |IUVS Echelle} 22 28 _ 0.007 nm 
Paxton et al. (1999) 
DMSP SSUSI 25.4 28 3800 115-180 nm in 165 bins 9 
Paxton et al. (1993) 
NEG, Spectral range: 52-187 nm 
: Alice 45 44 9 S. A. Stern et al. (2008) 
Horizons ‘ 
Spectral resolution: 0.36 nm 
solarvumnd Spectral range: 115-180 nm Bertaux et al. (1995) 
=o Se OPIe? Pee oe 200 Spectral resolution: 0.001 nm : In Phase-A study for the SIHLA Mis- 
(SWAN) . ; 
(absorption cell) sion. Pl; Paxton. 


Spectral range: 
MAVEN IUVS 22 28 9 
Spectral resolution: 0.007 nm 
https://nssdc.gsfc.nasa.gov/nmc/ 
experiment/display.action?id=1977- 
084A-04 


Wavelengths: 1.5 nm resolu- 
ey iN ae 2 tion; 53-170 nm range 
http://vega.lpl.arizona.edu/ 


voyager_uvs/instrument.html 


While a photodetector approach with a hydrogen absorption cell can be made with low mass, 
power, and data rates, it only provides indirect information on the line shape and therefore the 
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Figure 3-35. Line profile computed for an observer at 1 au, in kilometers per second. The dotted line is 
the emission of the hot hydrogen (H) population from the inner heliosheath. The dashed-dotted and 
dashed lines are for the pristine and the secondary H component created in the outer heliosheath, re- 
spectively. The ratios between populations vary with distance (reprinted from E. Quémerais and 
Izmodenov (2002) with permission). 


LISM properties. A high-resolution spectrograph directly resolving the line shape offers the best 
remote measurements of column density, temperature, and velocity of the H flow but requires 
more resources (see Table 3-10). The use of scanning platforms to provide sky maps independently 
of spacecraft orientation would add to the complexity, mass, and power. 


As shown in Figure 3-35, the hot, secondary, and pristine components of the hydrogen flow set the 
measurement requirements for spectral resolution. Although an equivalent resolution of 20 km/s 
would capture all components, 3 km/s resolution would be required to well distinguish the three. 
One needs to consider the SNR of the measured line profiles as well to determine the detection 
thresholds of the components. Information about the 3D distribution of the hydrogen wall and other 
structures could be obtained by observing multiple LOSs on the way out. This is an important trade- 
off because it adds to the complexity in terms of a scanning platform or multiple optical heads. 


3.4.5. Radio and Plasma Wave Measurements 


Voyager has demonstrated the importance of low-frequency radio and plasma wave measure- 
ments for an interstellar probe mission. Even as close as 15 au to the Sun, the Voyager PWS in- 
struments were able to detect radio emissions in the range of ~1.8—3.6 kHz that we now know are 
generated in the ISM near and beyond the HP (Gurnett et al., 1993; Kurth et al., 1984). The emis- 
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sions are generated at the local plasma fre- 
quency by mode conversion from electron 
plasma oscillations, similar to type III radio 
emissions or narrow-band radio emissions 
from Earth’s bow shock. Furthermore, we 
know that the radio emissions are trig- Figure Permission Pending 
gered by disturbances originating in solar 
transient events that propagate through 
the heliosphere and inner heliosheath un- 
til they interact with the HP, where shocks 
or pressure pulses are transmitted through 


the HP into the ISM. Figure 3-36. Low-frequency radio emissions generated 


Once in the ISM, the Voyager 1 and 2 de- at and beyond the heliopause via mode conversion from 
: electron plasma oscillations in the foreshock of shocks 


fected Halvor Dale, pubty “eleerron and pressure pulses moving through the ISM (Kurth & 
plasma oscillations at the local electron Gurnett, 2003). 


plasma frequency, providing accurate 

measurements of the plasma density, even to the extent of showing density jumps that match the 
jump in the magnetic field at shocks (Gurnett et al., 2013). Hence, whether by radio emissions 
detected within the heliosphere or by plasma oscillations in the heliosphere and ISM, the wave 
signatures provide evidence of the influence of the Sun on the LISM and independent diagnostics 
of the interstellar plasma density, even in the absence of a working plasma instrument such as in 
the case of Voyager 1. Also, radio direction finding can localize the source of radio emissions from 
locations beyond ~15 au and could complement a dust investigation by detecting hypervelocity 
dust impacts from all directions. 


Onboard spectrum analysis of digitized waveforms could be used to optimize the data volume 
significantly. Such capabilities already exist in missions such as the Van Allen Probes and Juno. For 
example, onboard spectral line detection would enable the onboard identification of radio emis- 
sions or plasma oscillations, allowing an onboard determination of ne, in the latter case. Onboard 
quasi-thermal noise (QTN) spectrum analysis would enable fitting the plasma wave spectrum to 
an electron density and bi-Maxwellian temperature distribution, enabling the ability to downlink 
Ne, Tc, and Th as Opposed to high-resolution spectra on an ongoing basis. The addition of a sounder 
capability to stimulate the plasma frequency would provide electron densities in the inner heli- 
osheath where the Debye length is much too large to allow for QTN spectroscopy with a reasona- 
ble antenna length. And finally, onboard dust detection would enable a much higher duty cycle for 
identifying impulses due to hypervelocity dust impacts rather than by downlinking voluminous 
waveforms. The resulting data set would be a time-tag and amplitude of detected impulses. Such 
software was implemented in the Cassini RPWS. 


In summary, a radio plasma wave investigation would require a frequency range of up to ~10 kHz 
with 5% spectral resolution, corresponding to an equivalent of 10% density resolution. The full 
waveform could be telemetered at low duty cycle, and onboard processing could provide plasma 
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electron frequency and dust detection at low telemetry rates. A spinning and electromagnetically 
clean spacecraft would be required, with antenna lengths of at least 10 m. 


Table 3-11. Radio and Plasma Wave Spectrometer 


Measurement Objectives 


Measurement Requirements 


Observe at least one electric field component of radio 
emissions generated at and beyond the heliopause 


Observe electron plasma oscillations for densities of 1 cm-3 
or lower 


Frequency up to 5 kHz (10 kHz for margin) 
Sensitivity at 3 kHz 7 x 10-7 V/m or better 


Frequency up to 10 kHz 


Determine density to within 10% 


Spectral resolution (Af/f) of 5% or better 


Cadence (variable, consistent with telemetry constraints) 


One spectrum per second to one spectrum per minute (can be 
varied to meet telemetry restrictions) 


Burst mode (onboard, with ability to downlink at very low 
duty cycle) 


Capture 16k 16-bit waveform samples at ~30 ksps for onboard 
analysis and possible downlink at very low duty cycle; required 
for assessment of onboard processing and high-resolution 
snapshots 


Onboard spectrum analysis to minimize telemetry 


FFT with ability to average and bin spectra 


QTN spectral analysis 


Onboard fitting to transmit Ne and Te to ground with minimal 
telemetry 


Dust impact detection 


Onboard analysis 
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Figure 3-37. Electron plasma oscillations observed beyond the heliopause showing the increase in inter- 
stellar plasma density in the LISM (reproduced from Pogorelov, Heerikhuisen, et al. (2017) with 


permission; © AAS). 
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Table 3-12. Examples of Current Plasma Wave Instruments That Have Flown, Are in 


Operation, or Are in Development 


Mission ||Instrument| Mass (kg) a Bitrate (bps) Capabilities TBE a References/Notes 
Plasma 
; _, | Electric: 5.62 Hz to 
Galileo: (eae 7.14 ee. | LO Sa IE! | ses sales qraonetic 9 Gurnett et al. (1992) 
sce TeiN a 5.62 Hz to 160 kHz 
/eter (PWS) . 
Parker | Plasma Includes sensor, wire 
Solar | Wave In- 6 15 100 antennas, shielding, 9 Bale et al. (2016) 
Probe | strument harness 
https://nssdc.gsfc.nasa.gov/ 
. 16 bps for typi- | E-field spectra to 56 : Erne arlene! 
1.4 (with- display.action?id=1977- 
Voyager PWS 1.1/1.6 | cal survey, 115 | kHz, waveform burst 9 
out boom) 084A-13 
kbps for burst mode ————= 
Scarf and Gurnett (1977) 
15.5 (main 
Wave in- | electronics 75 kbps surve 
Van Al- | strument | including 14.2 (en- (full a ce 3-channel E, 3-channel 
len (part of | MAG elec- ae siitei| mindes oes in B to 12 kHz, 1 channel 9 Kletzing et al. (2013) 
Probes | EMFISIS |tronics and] ‘© >“ ene E to 500 kHz 
a oe to 1.3 Mbps 
suite) radiation 
| shielding) 


3.4.6. Multispectral Flyby Imaging 


The concept of operations for imaging a planet during a fast flyby benefits from the experience of 
the New Horizons team during the flybys of the Pluto-Charon system and KBO 2014 MU69. What 
follows is not a detailed imaging plan but rather is intended to show that a fast flyby is within the 
performance envelope of a New Horizons-like spacecraft, which could serve as the baseline for an 
interstellar probe. While New Horizons’ flybys were ~14 km/s relative to the targets, we assume an 
interstellar probe flyby of 50 km/s for the purposes of this exercise. The main constraint is angular 
acceleration of the apparent motion of the target along the focal plane of the cameras, and that is 
more a function of spacecraft slew rate and rate change than proper motion. New Horizons can 
slew at 1.5 deg/s, although it commonly slews slower at around 1 deg/s. Accelerating the spacecraft 
to that rotation rate takes on the order of a few seconds. Time-delay integration (TDI) for New 
Horizons’ Ralph imager must occur at slew rates no faster than 1000 urad/s, or ~0.06 deg/s, and 
must not change during an image acquisition. This imaging slew rate could be increased on future 
missions by enhancing the imaging detector sensitivity, such as by co-adding more pixels in the 
direction of the image scan, and software modifications can enable variable-rate TDI imaging. 


TDI imaging allows for measuring compositions by acquiring multispectral images. TDI imaging 
easily accomplishes this by fixing color strips across the imaging chip, allowing images to be built 
up of the same regions in different visible and IR wavelengths in the same way as New Horizons’ 
Ralph camera (Reuter et al., 2008). With complementary metal-oxide semiconductor (CMOS) de- 
tectors, it is possible to have a camera that functions both as a TDI imager and as a framing camera; 
this is the approach being used for the Europa Imaging System camera for the Europa Clipper 
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mission (Elizabeth Turtle, personal comm.). Thus, one camera can combine the capabilities of New 
Horizons’ Ralph and LORRI cameras. 


Angular rate and rate acceleration are not a problem for a New Horizons-like spacecraft: traveling 
at 14.44 km/s at a distance of 3500 for the MU69 flyby, the target’s instantaneous radial velocity 
was 0.24 deg/s. This was said by the engineers to be at the limit of capability for the LORRI framing 
camera (Cheng et al., 2008), which does not use TDI. The three pixels of smear in the along-track 
direction in the highest-resolution LORRI image of MU69 are due to the spacecraft slewing for the 
sake of Ralph’s TDI imaging. This 0.24 deg/s angular rate is well within the spacecraft’s 1-1.5 deg/s 
slew rate limit, and so image motion compensation would have been possible for even a framing 
camera. 


Table 3-13. Visible Near Infrared (VISNIR) Flyby Camera 


Measurement Objectives Measurement Requirements 
Constrain target size (primary and satellites) and mass; 10s km/pixel, low phase angle, global imaging 
density (derived value) 
Map global and selected regional geology and 1 km/pixel (global) 100 m/pixel (regional) resolution 
geomorphology 
Map surface composition, especially methane >3 band color imaging (suggested channels: 400-500 nm, 500-— 
575 nm, 575-700 nm, 780-975 nm, 860-910 nm) 
Constrain topography Stereo imaging 
Map planet’s terminator High SNR (>20); high pointing accuracy 
Constrain bolometric Bond albedos Global imaging at broad range of phase angles 
Constrain atmospheric clouds/hazes High-phase-angle (>110°) panchromatic imaging; <5 km/pixel 
Characterize atmospheric and surface time variability Panchromatic imaging, vertical resolution < 5 km/pixel 
Search for other moons and rings High-phase-angle (>~160°) panchromatic imaging 


Consider Interstellar Probe flying by a planet (e.g., Quaoar) at 3500 km from the surface, moving 
at 50 km/s. The proper motion of the planet would be 0.82 deg/s, which is within a New Horizons- 
like spacecraft’s ability to compensate for by slewing (1.5 deg/s maximum) against the spacecraft 
motion. To build up a TDI image at a New Horizons-like rate of 0.06 deg/s, the spacecraft must 
slew at 0.76 deg/s against the velocity vector, although this does not account for angular acceler- 
ation produced by changing spacecraft-target distance. The spacecraft can conduct multiple such 
scans by slewing near the maximum rate parallel to the velocity vector to once again point the 
cameras ahead of the planet, thus resetting for another imaging scan. To a casual observer, the 
spacecraft would thus appear to wobble; this was done for New Horizons’ encounter with Pluto 
and MU69. In this way, multiple imaging scans can be acquired leading up to, during, and after 
closest approach to provide stereo views, global coverage at high resolution, and views at variable 
phase angles. However, other considerations should inform imaging operations, such as desiring 
global, high-phase-angle imaging over the planet’s terminator, which would occur near closest 
approach when a LORRI-like camera FOV would span only a few kilometers on the surface. 
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The scenario above assumes perfect knowledge of 
the target’s location (especially in the down- 
track/Sun-radial direction), which is far from true, 
however. A more conservative flyby distance of, e.g., 
10,000—20,000 km could mitigate this, which would 
likewise reduce the necessary spacecraft slew rate 
and angular acceleration, although at a larger (i.e., 
worse) pixel scale. Mosaicking around the planet’s 
position error ellipse would likewise help ensure it 
was imaged. Finally, a closed-loop onboard centroid- 
ing (autonomous navigation) capability could be 
used, which is not a capability of New Horizons 
(Harch, 2016). 


KBO flybys would require panchromatic (*0.3- 
0.8 um) and multispectral (~0.9-3.5 um) wave- 
lengths to allow mapping of methane distribution 
(e.g., Grundy et al., 2016). Resolution of 100 m/pixel 
at ~12,000-km distance would be required to resolve 
important landforms (equivalent to ~5 urad), which 
was implemented for New Horizons/LORRI. Framing 
mode would be used for the panchromatic range 
and push-broom mode for the multispectral, which 
has been baselined for Europa Clipper/EIS. Expo- 
sures would range from milliseconds to seconds with 
fast CMOS readouts. Multi-pixel bin modes, includ- 
ing full CMOS binning (one giant pixel) could be im- 
plemented for astrophysical and other low-SNR ob- 
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Figure 3-38. Schematic focal plane electronics 
to allow imaging via both time-delay integra- 
tion (“push broom”) and framing modes. Color 
filters fixed to the imaging sensor allow multi- 
wavelength visible and near-IR imaging in TDI 
mode, which uses spacecraft motion to build 
up an image line by line. Panchromatic strips 
at either end of the imaging sensor will permit 
stereo imaging to resolve a planet’s topogra- 
phy. Panchromatic framing images will allow 
distant reconnaissance observations for both 
navigation and astronomical observations. 


servations. A single-pass push-broom capability using two clear “filters” would allow for parallax- 


based stereo imaging to obtain topography. 


Precise target location knowledge would be required with automatic pointing updating from wide- 
angle star trackers and LORRI scans. Passive cooling as done on New Horizons would work in the 
IR part of the spectrum beyond ~20 au. For reference, the LORRI camera on board New Horizons 
(Cheng et al., 2008) was ~8.6 kg and consumed 15 W in full operations. Data volume is in the 
gigabit range but could follow the successful scheme on New Horizons, where data were down- 


linked over years after the flyby. 
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Table 3-14. Examples of Current VISNIR Imagers That Have Flown, Are in Operation, or Are 
in Development 


Mission | Instrument Type Instrument Mass (kg)|Power (W)| Bitrate (bps) Capabilities ee References/Notes 
Fletcher, Z. J. et al. "Design of 
High resolution, high SNR the Didymos Reconnaissance 
- panchromatic imaging and Asteroid Camera for OpNav 
DUAR |[Petetstatcetinette late ifer : oa 208 aperture, 400-1000 nm, (DRACO) on the Double 
.29 deg full angle FOV Asteroid Redirection Test 
(DART) 
sai miepenaee Wh) Conard, S. J., et al. "Design and 
400 a at 10 000 a fabrication of the new horizons 
Aidit i long-range reconnaissance 
<Sprad (baselined Ero ieee areca and 
Framing ( aan and Planetary Missions. Vol. 5906. 
9 \P ‘ International Society for Optics 
pushbroom (multispectral) and Photonics. 2005 
New Variable; 1-3 ba resist re Hawkins, S. Edward, et al. "The 
3 VISNIR (VIR) 8.6 15 i F 9 Mercury dual imaging system on 
Horizons kbps Single-pass pushbroom the MESSENGER spacecraft." 
ee Bae ceist space Science ihe viewe dol 
(2007): 247-338. 
Mien ated observer Cheng, A. F., etal. "Long- 
: Range Reconnaissance Imager 
planet-Sun transits beyond 30 on New Horizons." Space 
AU as exoplanet analog. Also Séisnics Reviews, vol 140. no 
could observe moons 1-4 189-215 aoe 
crossing planets’ disks. PP: 
Visible imaging; 
400-975 nm 
(panchromatic); 
3 . 4 color filters (Blue, Red, 
Pe VISNIR (VIR) 10.5 71 pee iS Methane, Near-IR); 9 
po p FOV 5.7 x 0.15: (stare, 
pan), or 5.7° x arbitrary 
(scan); 
IFOV 20 urad/pixel 


3.4.7. Space Physics Observations During Planetary and KBO Flybys 


The capabilities of the heliospheric suite of instrumentation outlined above exceed the require- 
ments for magnetospheric measurements during planetary flybys. This is because intensities and 
field strengths are significantly higher. However, this imposes the additional requirement on in- 
strumentation to handle the large dynamic range of the two vastly different environments. 


During other flybys of non- or weakly magnetized bodies, measurement objectives include inves- 
tigating the deflection of the plasma flow around the body and the exchange of material between 
the space environment and its surface. This includes the following: 


* measuring the deflection of the interplanetary or interstellar magnetic fields and the 
plasma properties around the object that can provide the first indications of the presence 
and properties of an atmosphere 


* measurements of material originating from the surface or atmosphere that is picked up by 
the plasma flow (PUI) 


* intensity, spectra, and elemental composition of particle bombardment of the surface that 
alters its properties, such as reddening due to radiolysis (molecular dissociation) by cosmic 
rays 
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Figure 3-39. While a dust counter provides integrated flux measurements with simple interfaces and low 
resources, a dust composition analyzer provides insight into the chemical evolution of the galaxy. (Left) 
The Student Dust Counter on board New Horizons (image credit: NASA/Johns Hopkins University Ap- 

lied Physics Laboratory/Southwest Research Institute). (Right) A functional drawing of IMAP/IDEX ca- 
pable of elemental and isotopical separation (D. J. McComas et al., 2018). 


¢ electric and magnetic field fluctuations that can provide insights into the process respon- 
sible for acceleration and loss of surface or atmospheric material into space, or that mod- 
ifies space weathering and redistribution of surface material 


3.4.8. In Situ Dust Detection 


Combined impact flux measurements of EKB and ISD grains in the outer solar system have been 
made by the New Horizons Student Dust Counter (SDC). A dust counter provides integrated meas- 
urements that are essential for constraining the dust distribution in the solar system, with relatively 
simple interfaces and low resources (see Table 3-15 below). While useful counting contributions to 
the study of IPD and ISD have come from radio wave instruments (e.g., Voyager and Cassini), they 
were even cruder, unable to measure the impacting dust particle mass, speed, or composition. 


Table 3-15. Interstellar Probe Dust Detector Measurement Objectives and Requirements 


Measurement Objectives Measurement Requirements 


Collect a statistically significant number of EKB and ISD grains | Effective area > 100 cm2; near-ram and upstream pointing for 
ISD 


Determine the composition of interplanetary and interstellar | TOF dust mass spectrometer; 1-500 amu, m/Am = 200 
grains 


However, discriminating the relative number fluxes is difficult, and characterizing the composi- 
tional diversity of these grain populations is not possible with the New Horizons/SDC instrument 
and thus does not provide any direct insights into the chemical evolution of the galaxy. A dust 
composition analyzer capable of measuring the impactor fluxes for interplanetary and interstellar 
grains would directly sample and measure the composition of IPD and ISD grains. It would be able 
to identify the abundance of major rock-forming elements (Na, Mg, Al, Si, K, Ca, Fe) and detect the 
presence of minor elements and organic molecules. IPDs and ISDs will be discriminated both com- 
positionally and by their impact speeds, which are inferred based on the structure of impact 
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charge signals to the analyzer. Building on the New Horizons measurements of dust fluxes, com- 
positional analyzer measurements will be able to discriminate and catalog the various dust popu- 
lations throughout the solar system. IPDs encode the chemical diversity of the Kuiper Belt. Having 
a robust accounting of the EKB dust density and compositional distribution as a function of helio- 
centric distance would allow us to better understand the origins and evolution of the Kuiper Belt 
because each grain encodes the composition of its parent body. By accumulating many composi- 
tional spectra of EKB grains, Interstellar Probe would be able to characterize the compositional 
diversity of the Kuiper Belt. Dust composition analyzers that have flown or are scheduled for flight 
include Cassini/CDA, Europa Clipper/SUDA, and IMAP/IDEX. Near-ram pointing configurations 
would be required for any in situ dust measurements and for ISD measurements, with an optimal 
trajectory close to the upstream direction. 


Table 3-16. Examples of Current Dust Instruments That Have Flown, Are in Operation, or 
Are in Development 


Mission Instrument |Mass (kg)} Power (W)| Bitrate (bps) Capabilities Beane References/Notes 
iS ; Srama, R., et al. "The 
Cosmic oe ; 
Dust Cassini Cosmic Dust 
Cassini pecs 17.151 12 524 M/AM>50 9 Analyzer." Space Science 
Analyzer : 
(CDA) Reviews, vol. 114, no. 1-4, 
2004, pp. 465-518 
Horanyi, M., Sternovsky, 
Dust i Aa 9 Z., Lankton, M. et al. Space 
LADEE Detector 3.6 5 579 4-70 km/s Sci Rev (2014) 185: 93. 
(LDEX) 303 https://doi.org/10.1007/s11 
i 214-014-0118-7 
Europa Clipper] SUDA N/A N/A N/A 200/290 MiM, a 9 S. Kempf, Personal Comm. 
250 amu 
TRL=6 
Interstellar i Casini/CDA, cian Aenea 
In Development Dust 9to 11 12 to 15 10 H a IMAP/IDEX, ; 
Composition Exploration Workshop, 
Analyzer Europa NYC 
Clipper/SUDA ‘ 
Szalay, J. et al. Dust 
Measurements by the 
Student Dust Counter 
-12 9 f 
New Horizons | SDC 1.9 5 gpg, 10 a0 ay 0-2 9 Bubparditie New Honzons 
10 um Mission to Pluto, 
https:/Awww.hou.usra.edu/ 
meetings/Ipsc2015/pdf/170 
1.pdf 


3.4.9. Optical and IR Spectral Imaging 


A wide-spectrum imaging instrument on Interstellar Probe will enable a wide range of remote sci- 
ence. To produce the maximum science return, such an instrument would need to (1) produce 
spectral resolution R = A/A \ ~ 100 images of the sky in the optical and near-IR, from 0.5 to 15 um 
in wavelength; (2) produce spectral resolution R~ 2 images of the sky in discrete bands from 25 
to 100 um in wavelength; (3) have angular resolution of at least several arcseconds in the optical 
and several arcminutes in the far-IR; and (4) map the full 2m steradians of the sky in the direction 
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of the outward trajectory of the probe. Such an instrument would be able to address the full range 
of science discussed in sections 3.3 and 3.4, namely imaging of IPD and measurements of the dif- 
fuse galactic and extragalactic backgrounds. 


Observing the surface brightness of the IPD as a function of position on an outward trajectory will 
enable tomographic measurement of the cloud’s structure and spectrum through the Radon 
transform. These data would be interesting all the way from the Sun out to 100 au and beyond. 
The inner solar system is brightest at near-IR wavelengths, while measurements of the EKB are 
particularly compelling in the FIR, where the cold dust grains are emitting thermal radiation and 
the contrast with the various backgrounds 

that exist is maximal (A. R. Poppe et al., Thermal Shades 
2019). Such far-IR imagery would inform 
us about the dust cloud’s thermodynamic 
state, while the VISIR spectrometer would 
provide maps of the inner cloud’s dust 
particle size and composition. Such full- 
spectrum IR remote sensing would map 
the visible extent of the inner, near-Earth 
zodiacal cloud and determine whether it 
connects smoothly into an outer cloud or 
whether there is a second outer cloud 15 

sourced by the Kuiper Belt and isolated by Focal 

the outer planets, as predicted by + Fishes Beam Splitter 
(Kuchner & Stark, 2010; Andrew R. Poppe, — oa, 

2016). Such measurements would allow ; oO > — oh 

us to make a map of the inner solar sys- [| SSS] | 

tem and EKB dust distributions that could lh SSS Tertiary 
be compared directly against images in 

other exoplanetary systems. 
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ments, rings of the Centaur Chariklo, or 


Figure 3-40. Illustrative layout of a wide-band spectral 
imager utilizing a 7-cm clear aperture free-form off-axis 
dust emitted from spallation off the six telescope. The near-IR (0.5-10 um) and FIR (25-100 um) 
known bodies of the Pluto system. Such channels are split by a beam splitter and use 2k x 2k 
“Pale Blue Dot” images would provide in- H2RG and single-element photoconductor detectors, re- 
teresting data to compare to current and _ spectively. (Image and figure courtesy of M. Zemcov.) 
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future measurements of exoplanets. The same remote sensors would be designed and available 
to map the surfaces of any KBOs encountered along Interstellar Probe’s trajectory. 


The same instrument could also be used to make definitive measurements of the extragalactic 
background light. The 0.5- to 15-um VISIR camera could take very sensitive images of the sky in 
many patches to search for the isotropic component of emission as well as separate the galactic 
and extragalactic components. At the shorter-wavelength end, such an instrument would easily 
have the sensitivity to detect and separate the reionization signal from the extragalactic back- 
ground, thereby producing important constraints on the physics of the earliest stars and galaxies 
in the universe. Over the whole range, comparison to the y-ray and galaxy counting measurements 
would allow searches for a wide range of beyond-standard model physics. 


Using new technologies and passively cooled detectors, a suitable low size, weight, and power 
system VISIR spectrometer/far-IR imager has been specified for the study baseline design. A single 
two-channel spectroscopic imager on a 7-cm telescope with a ~3° FOV could meet all the science 
requirements using off-the-shelf, field-tested technologies. The telescope would use modern, 
free-form optics to maximize the instrument’s throughput while minimizing size and mass. VISIR 
photodetection would be provided by a H2RG HgCdTe detector of the type developed for the 
NEOCAM mission. Operation in the FIR from 25 to 100 um would use high-heritage photoconduc- 
tion detectors (Poglitsch et al., 2010). The VISIR detector array would be cooled to ~30K, and the 
longer wave detectors would be cooled to ~3K to achieve high sensitivity. Thermal shade technol- 
ogy proven by, e.g., the Planck mission would be used to passively cool the instrument. Such pas- 
sive cooling would place stringent restrictions on the ability of the instrument to point in the di- 
rection of the Sun until later in the mission, when the solar irradiance would be small. At VISIR 
wavelengths, spectral discrimination could be accomplished by a fixed linear variable filter above 
the focal plane with N spectral elements, each covering 1/N of the FOV. Different wavelength 
bands could be sampled sequentially as the camera steps N times across the FOV, an approach 
that has been used on New Horizons with great success. Although small, the telescope aperture 
gives a diffraction-limited beam of 0.8-16 inches (0.5—10 um) and 1.5—6 feet (25-100 um), which 
will be adequate to mask or subtract stars from images using known catalogs to reveal the under- 
lying diffuse component (Zemcov et al., 2017). The camera would be equipped with a cold shutter 
to measure the dark current and instrumental background. Based on a preliminary study shown 
in Figure 3-40, approximate mass and power estimates for a purely passively cooled system are 
4 kg and3 W. 
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Table 3-17. Optical and IR Spectral Imager Objectives and Requirements 


Measurement Objectives Measurement Requirements 
Structure and composition of the inner zodiacal cloud R ~ 100 spectral imaging over 0.5-15 um 
Structure and composition of the EKB dust R~ 2 imaging over 25-100 um 
Mapping of the dust cloud structure in the mid-solar system | R ~ 2 imaging over 0.5-15 um 
Searches for IPD structures (trails, clumps, rings) Angular resolution < 10 arcmin at all wavelengths 
Maps of diffuse galactic light maging > 100° in one linear dimension in both near-IR and far-IR 
Extragalactic background absolute photometry R ~ 20 spectral imaging over 0.5—10 um 


Angular resolution < 10 inches at 1 um 
Multiple >5° fields to prove statistical isotropy 


Spectrum of epoch of reionization R ~ 50 spectral imaging over 0.5—-3 um 
Angular resolution <5 inches at 1 um 


The operation of the imager may impose requirements on the pointing ability of the spacecraft. 
For a three-axis-stabilized spacecraft, operation at the shortest wavelength would require pointing 
at the ~0.5-inch level over a 300-s exposure with the ability to step in increments of 0.1° to make 
exposures at multiple wavelengths. It is important to note that this imager would also be available 
to take images of solar system bodies such as KBOs as Interstellar Probe traverses the solar system. 


In case of a limited thrust budget of an Interstellar Probe, it is important for instruments to be able 
to return science in a slow-spinning spin-stabilized mode. In such a mode, a scan mirror would be 
required to stabilize the image of the sky during an exposure. Ideally, the camera would image the 
2m steradian away from the Sun as a function of heliocentric distance to permit reverse-modeling 
of the IPD cloud. 


In the future, instrument trades to be studied include (1) the optimal and acceptable spin rates, 
(2) scan mirror technologies and heritage, (3) the technical feasibility of an active pointing system 
for the instrument subassembly, (4) passive cooling schemes and impacts on detector noise prop- 
erties, and (5) data volume capabilities and restrictions and their impact on survey design. 
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Table 3-18. Examples of Current IR Instruments That Have Flown, Are in Operation, or Are 


in Develo 


pment 


Instrument 


Mission 


New Horizons] (M 


OSIRIS-Rex 


In 
Development 


Mass (kg)|Power (W) Bitrate (bps) Capabilities TRL and Heritage References/Notes 
75 mm aperture, 
658 mm 
Effective Focal 
Length, MVIC 
panchromatic 
images (400 to 
975 nm), medium Reuter, D.C. Ralph: A 
resolution, high Visible/Infrared Imager for 
10.5 7.1 Variable; 1-3 kbps SNR 9 the New Horizons 
multispectral Pluto/Kuiper Belt Mission, 
imaging, blue, 2005. 
red, IR, methane 
filters, LEISA is a 
wedged filter 
infra-red spectral 
imager (1.25-2.5 
micron) 
Wavelength Simon-Miller A. A., “OSIRIS- 
range: 0.4 - 4.3 REx OVIRS: A Scalable 
Variable; 914 kbps um Visible to Near-IR 
17.8 8.8 (max,OSIRIS-Rex) Resolving power Spectrometer for Planetary 
: (A/AA): 125 - 560 Study,” 44th Lunar and 
(higher for longer Planetary Science 
wavelengths) Conference (2013) 
TRL = 9 for VISNIR Deep Impact HRI/IR: D.L. 
oe: ; Hampton et al. Space 
flight instrument: : : 
Science Reviews 2005, 
Voyager/IRIS, : 
: 117:43 
Galileo/NIMS, f 
ie New Horizons/RALPH- 
0.5-15.0 um, R Cassini/VIMS, LEISA: D.C. Reuter et al 
~100 1-D imaging | ROSETTA/VIRTIS, 2008 Ss nee Science ‘ 
spectrometer 10 | NH RALPH/LEISA Buy ibs 
: Reviews 140:129 
4 3 410 bps urad x 10 urad + Using H2RG 
P 50 to 100 um Detector: Deep 
single element Impact HRI/IR, 7 . 
roxio” | ORexouns, | OMISRExOWRS: Oc 
photometer | JWST/NIRSPEC Pee 
_ . Sci Rev 2018, 214:54 
TRL = 5 Using 
" Fs Zemcov, Personal 
Speckle" Low 
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4. Science Operations Concept 


The first stage of this study focused on identifying science targets and their preliminary trade-offs. 
A more detailed analysis of operations concepts given these targets will be performed in the sec- 
ond stage of the study. 


4.1. Fly-Out Direction 


The orbital position of Jupiter opens solar system escape in a specific direction every 12 years. 
Ultimately, the fly-out direction is driven by science, but is therefore a trade with launch date if 
the trajectory is kept in the ecliptic plane. Because of the slingshot motion around Jupiter (gravity 
assist) planned for two of the mission architecture options, any ecliptic inclination would decrease 
the asymptotic speed for the same amount of propulsion and mass. For a solar Oberth maneuver, 
this decrease would be less significant. The following science drivers have been considered and 
discussed during the 1st Interstellar Probe Exploration Workshop and would need to be traded 
against each other to select an optimal fly-out direction for a final mission architecture. 


4.1.1. Heliospheric and Interstellar Science 


The science questions relevant to the heliosphere and local interstellar medium (LISM) are the 
highest priority that should drive the primary operational scenario. The global shape of the helio- 
sphere is one of the most outstanding questions that could be uniquely answered from an external 
vantage point. Given that the scientific debate revolves around a bubble shape versus a bifurcated 
tail structure, a vantage point displaced sufficiently in ecliptic longitude from the nose direction 
would be a good option. 


Reaching the LISM as fast as possible has been expressed to be of high scientific importance. This 
would allow time for long-term investigations and increase the chances of surviving instruments 
reaching the unperturbed LISM. The shortest distance to the heliopause (HP) is in the general 
direction of the nose. 


IBEX and Cassini (and IMAP in several years) observations clearly identify directions that would be 
extremely valuable to measure in situ. Foremost, the intriguing “ribbon” or “belt” appears as a 
great circle with a cone angle of ~70° around the interstellar medium (ISM) magnetic field direc- 
tion, and so intersects the ecliptic plane in two places (Figure 4-1). Neither of the Voyager space- 
craft are flying through these regions. Also, the region around the heliospheric nose may contain 
significant plasma pressure in the heliosheath that may move gradually in ecliptic latitude, as has 
been indicated by IBEX observations (Schwadron et al., 2014). Voyager 2 measured flows that 
were consistent with directions away from a pressure maximum and not the nose direction 
(McComas & Schwadron, 2014). Energetic neutral atom (ENA) imaging during the traversal of the 
heliosphere phase would offer a changing vantage point and viewing angles against the ENA 
sources, which would be crucial to constrain, for example, the radial location of the ribbon and its 
generation mechanism. This would also guide the future science operations. 


4-1 


INTEFSTELLAS 


PROBE 


NASA Task Order NNNO6AA01C 


Hellocentric Observation - Period 2020 to 2031 


ete Cite oe tates Ep 2 0De 
7 — ~ 
—S — eH 


— ty 
— —— Somege Ser 
we TOne EE ey — iar “ 
oe a , =—-y - ae aed 
tb , # ee, 
a Fa 
vene eevaerye : 
fenton Dreaae * 
“—s 
Proamme Certner 


a 


es * + S_ 
ee Oe on oar orn) 


Figure 4-1. The ultimate fly-out direction of an interstellar probe is dictated by the primary heliophysics 
science goal traded with the speed and launch year. The image shows the sky in ecliptic coordinates with 
the contours of 1-keV ENA emissions as measured by the IBEX mission and also shows the ribbon. The 
locations of planets, dwarf planets, and Kuiper Belt Objects (KBOs) are shown for the 2030-2040 period. 
A trajectory through the ribbon in the ecliptic plane at ~295° ecliptic longitude would also enable an 
external imaging of the heliospheric shape and offer a potential flyby of Quaoar. 


The existence and exact shape of a heliotail is still debated, as discussed above. Flying out down a 
potential heliotail would definitively determine the HP distance in that direction. However, doing 
so would come at the expense of a much longer flight time to reach the pristine LISM. Further- 
more, an imaging vantage point from directly down the tail would not be optimal for discerning 
the shape of the heliosphere. Flying along one of the directions of two theorized jets would pro- 
vide direction measurements of the turbulent scale sizes of that region, which could be a very 
important constraint on the nature of the global heliospheric interaction with the LISM. 


4.1.2. Kuiper Belt Object (KBO) Targets 


There are a vast number of KBOs, so any direction governed by heliophysics would offer at least 
one opportunity for a flyby of a compelling object (Figure 4-1). Targeting larger worlds, such as 
dwarf planets, would allow the fascinating geology and potential habitability of these small planets 
to be investigated while providing context for understanding the other Kuiper planets of Pluto, 
Charon, and Triton. A flyby of Quaoar, at a heliocentric distance of 44 astronomical units (au), lies 
in a direction that intersects the ribbon and achieves an external vantage point to image the heli- 
ospheric shape. Secondary flybys of sub-planetary KBOs (typically <400 km in diameter) could oc- 
cur as opportunistic alignments allow, but even small trajectory corrections (tenths of degrees) 
require significant amount of propellant. 
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Eris, the most massive known Kuiper Belt planet, will be situated near the heliosphere’s tail, lo- 
cated ~96 au away. Although exploring Eris would be technically possible for Interstellar Probe, 
the decision to fly by there would have to be weighed in light of other science priorities. 


While it is hard to select exactly what object or system might be most interesting in combination 
with the logistics of a flyby trajectory, some of the most interesting targets might include one or 
more objects that are part of the Haumea collisional family. One of the major successes of the 
Dawn mission was its confirmation, on a variety of levels, of the genetic link between Vesta, the 
Vestite dynamical family, and the collected Vesta meteorites. Although we do not expect to pick 
up any Haumea-family meteorites from Earth’s surface, genetic linking of spectroscopic and/or 
surface properties between proposed Haumea family members and Haumea itself would be clear 
confirmation of many modeling efforts to understand the physics of collisions, dynamics, and in- 
teractions of objects in the Kuiper Belt. Similar arguments could be made for other multi-body 
systems in the Kuiper Belt. 


The probability of lining up two or more KBOs is small, in particular if one of the flybys is fixed. 
With the high speeds of Interstellar Probe, there is little to no room for course adjustments be- 
cause they would take a significant amount of fuel. For example, MU69 was ~%0.2° off the initial 
direction of New Horizons, and a significant amount of fuel was required to achieve the desired 
flyby distance. This implies that all targets preferably should be identified early in the development 
phase to ensure that any operational requirements are incorporated into the mission design. The 
closest analog is, of course, the identification of MU69, a task that was not straightforward from 
the Hubble Space Telescope. By the time Interstellar Probe is in full development, the James Webb 
Space Telescope will have been operational for at least several years, and there should therefore 
be improved capabilities to search for suitable targets. Given the known density of small and large 
KBOs in the outer solar system, one would expect at most two to be sufficiently aligned to be 
realistic for flybys without expending too much fuel. 


4.1.3. Planetary Targets 


A Jupiter gravity assist (JGA) is part of all of the mission architecture options in this study. Given 
the high science return of past planetary flybys, science operations at Jupiter are a high priority, 
except during the mission-critical kick-stage burn. The approximate traversal of the Jovian system, 
from entrance to exit (bow shock crossing) of the magnetosphere (including the burn at closest 
approach) would be on the order of several hours. 


Both the Uranus and Neptune systems would be compelling flybys because they would enable 
exploration of the planets, their moons, and their exotic magnetospheres. For launches in the 
2030s, Uranus would lie in the direction of the heliotail and Neptune would lie ~110° off the nose 
direction and not fall within the ribbon. 


Batygin and Morbidelli (2017) hypothesized the existence of a fifth giant planet with a semimajor 
axis >250 au. If a discovery of such a trans-Neptunian giant planet were confirmed well before the 
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launch of an interstellar probe, it might necessitate a reprioritization of science targets and oper- 
ations of an interstellar probe and could revolutionize our view of the solar system’s structure and 
evolution. 


4.1.4. Circumsolar Debris Disk 


An optimal vantage point for the disk would be at high inclination, which would enable direct im- 
aging of azimuthal structure and gaps in the disk caused by planetary interaction. However, not 
only would this come at a significant cost of asymptotic speed, but it would prevent in situ sam- 
pling of the dust in the disk on the way out through the ecliptic. For a trajectory in the ecliptic 
plane, infrared (IR) imaging could be performed from the changing vantage point, which would 
provide good information for retrieving the large-scale distribution of the dust in the disk, includ- 
ing potential gaps associated with planetary interactions. Once at a distance beyond the inner 
zodiacal cloud, the ecliptic vantage point would provide direct constraints on its vertical scale 
heights. It would certainly be beneficial to study techniques for optimizing the retrieval of the 
large-scale structure. 


4.1.5. Example Optimal Fly-Out Direction 


Although there is a need for several other detailed trade-off studies, providing one example illus- 
trates some of the acceptable compromises that must be made. An example direction toward 
Quaoar satisfies flying through the ribbon close to the ecliptic, and sufficiently away from the nose 
direction to achieve a side view of the heliosphere that could discern its global shape. Quaoar is 
only ~8° off the ecliptic plane, which would keep the losses in speed at a minimum. As discussed 
in section 7, this option would require a launch either just before 2030 or in the late 2030s. 


4.2. Spin versus Three-Axis Stabilized 


Whereas particle and field measurements prefer a spinning platform to maximize angular cover- 
age, flybys of KBOs would require a three-axis-stabilized platform to maximize image collection 
during fast flybys in low-light conditions. 


It is possible to switch from a spin-stabilized mode to a three-axis-stabilized mode, as was the case 
with New Horizons, which used hydrazine thrusters to control attitude and spin. The use of hydra- 
zine thrusters also eliminates the risk associated with relying on gyroscopic wheels. However, car- 
rying long plasma wave antennas (>>10 m) and magnetometer booms complicates such operations. 
Deploying wire antennas and booms is considered a mission-critical maneuver, so deployment and 
stowage should naturally be avoided as much as possible. Rigid antennas have been flown and suc- 
cessfully deployed on several missions, including the Van Allen Probes, where they reached a length 
of 7 m each, totaling 14 m tip to tip in the spin-axis direction (Kletzing et al., 2013). 


A few approaches were discussed to deal with the need for long-wave antennas that require cen- 
trifugal deployment, while also satisfying the need for three-axis stabilization during a potential 
KBO flyby. The first one was to centrifugally deploy long-wave antennas after a KBO flyby, which 
would be well before the termination shock. After the last planned flyby, thrusters would be used 
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to spin up the spacecraft to the desired rate, deploying wire antennas and booms in the process. 
However, this is considered a mission-critical maneuver. Such a deployment of long antennas 
(>>10 m) would be very risky given the light travel time and may not be advisable at such large 
distances. Therefore, a potential KBO flyby may necessitate a mission architecture that relies on 
rigid (~10 m) plasma wave antennas. A partial deployment of a magnetometer boom could be 
considered to support the particle measurements. A second approach discussed is to use a de- 
spun platform that would track the KBO during the flyby. Reliability and cost issues were noted, 
and this approach was deferred for later analysis. 


In-situ particles, fields In-situ particles, fields 
Remote ENA, UV, IR * In-situ particles, fields Remote ENA, UV, IR 
Spinning platform Remate ENA, UV, IR Spinning platform 
= Spinning platform 
1 AU 
O years 
oe “—_. nw ..0:0: =e 


o---—_______ -——_ _ _--e 


2500 AU ‘ 
50+ years ze 


70 AU 
7 years 


= 3-axis stabilized 
Flyby Observations 


Figure 4-2. An example operation scenario would be divided into three phases and focused on the pri- 
mary heliophysics goal as indicated. A potential KBO flyby would necessitate three-axis stabilization and 
may require rigid plasma wave antennas. 


4.3. Example Mission Phases and Operations 


To illustrate some of the compromises that may be required, we outline below a notional example 
of science operations over the lifetime of the mission (Figure 4-2). Following other successful mis- 
sions, such as Cassini, the Interstellar Probe mission could be divided into phases with different 
primary sciences with unique operational constraints. 


4.3.1. Inner Heliosphere Phase 


The inner heliosphere phase would begin after commissioning after launch, with no operations 
during JGA or solar Oberth maneuver, as discussed in section 7. Firing solid rocket engines, espe- 
cially after a longer in-space storage, is considered a mission-critical maneuver; therefore, any 
science operations during such a maneuver would not be advisable. 


Operations before and after a solar Oberth maneuver would have to be carefully traded off with 
the increased thermal requirements on instrumentation versus the loss of science observations, 
but with thermal designs dedicated for the colder conditions in the outer heliosphere. Such trades 
have been performed before— on the JUICE mission for example—where some of the instruments 
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have elected to not operate during Venus gravity assist to better accommodate the cold environ- 
ment of Jupiter. 


This phase would last ~4—6 years out to the first KBO flyby (assuming ~10 au/year). Particle and 
fields observations are of high value in the inner heliosphere, in particular to follow the evolution 
of pickup ions. Remote imaging from the changing vantage would be an important observation 
that would provide further information on the large-scale structure of the heliosphere and the 
temporal evolution of the ENA emission patterns whose source regions eventually would be en- 
countered and investigated in situ. If IR line-of-sight measurements were being conducted, they 
would start in this phase and provide important information to constrain the vertical scale heights 
of the zodiacal cloud. Beyond ~10 au, it would be possible to start detecting the cosmic IR back- 
ground (CIB) as well. In situ dust measurements would provide important information not only on 
the zodiacal dust but also on the interstellar dusts that penetrate the heliosphere against which 
measurements in the LISM could be compared. Ultraviolet (UV) measurements of the Lyman-al- 
pha background would be valuable in the heliospheric nose direction to retrieve information about 
the H-wall and the interstellar H flow. 


4.3.2. Outer Solar System Phase 


The spacecraft would have to be in a three-axis mode to perform flyby tracking of a KBO. All flyby 
targets in this example would preferentially have to be identified well before launch to accommo- 
date the needed resources to support operations. Downlink would start as soon as flyby observa- 
tions are completed, but the expectation is that data would be downlinked over Ka-band over 
several years. Having a solid commitment of the Deep Space Network or similar large dishes is an 
important point that could make a significant difference in downlink times. In between two flybys, 
the spacecraft would remain in three-axis mode or slowly spinning. 


Although, one of the main goals of the mission architecture study is to maximize asymptotic speed, 
extreme flyby speeds well in excess of 45 km/s would potentially have a very severe impact on 
flyby science that could be obtained for such a fast flyby. Developments for complementary metal- 
oxide semiconductor technologies for fast readouts to allow for fast flyby imaging are under way. 


4.3.3. Outer Heliosphere Phase 


Well before the heliospheric termination shock, the Interstellar Probe would spin up using thrust- 
ers and remain in this configuration until end of mission. Particle, fields, ENA, and UV imaging 
would be a primary objective in this phase. A spin rate of 1 minute up to 10 minutes could be 
acceptable because this also meets the need for IR observations of the CIB to achieve a sufficient 
signal while spinning. 


As above, traversing the heliosheath during a significant part of a solar cycle would ensure that var- 
iabilities would be captured. Shocks propagating through the heliosheath and perturbing the envi- 
ronment even well beyond the HP are essential to study to fully understand the exotic interface to 
interstellar space. Traversing in much less than 3 years would decrease the number of such events 
in the boundary region and therefore is the scientific driver of an upper limit on asymptotic speed. 
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4.3.4. Interstellar Phase 


The interstellar phase would conceivably be declared once no perturbations from solar variability 
could be detected (i.e., once the “pristine” LISM was reached). Because there are no precise esti- 
mates as to where this begins, this phase could begin as early as 300 au or at a point closer to the 
end of a nominal mission period. However, this phase would mark the important milestone of 
leaving our habitable astrosphere behind us and beginning the interstellar journey, where new 
discoveries would be waiting. 


The design lifetime of Voyager 1 and 2 was 5 years, and yet they are still operational with sufficient 
power to observe and communicate after ~43 years in space. Both will likely last a few more years 
until their power supplies are no longer sufficient for operating one instrument and communi- 
cating, or until the temperature reaches a critically low point—the likely scenario for Voyager 2. 
With today’s experience and heightened requirements on mission assurance, it is therefore rea- 
sonable to anticipate that an Interstellar Probe with appropriate margin philosophy would survive 
well beyond its nominal lifetime of ~5O years, and would continue gathering data long into the 
interstellar phase. 


The second stage of the study will analyze these trades in more detail. 
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5. Example Science Traceability Matrix 


The basic science questions of an interstellar probe have not changed over the several decades since 
they were formed. This illustrates clearly that the groundbreaking science is purely enabled by loca- 
tion. The summary of goals, science questions, objectives, and associated measurements was put 
together mainly from community discussions held around the 1st Interstellar Probe Exploration 
Workshop at The Explorer’s Club in New York City, 10-12 October 2018, where more than 55 scien- 
tists and engineers from around the world were gathered. Because the purpose of this study is to 
provide the trades and not the science definition, Table 5-1 is an overview of the science questions 
that could be addressed given appropriate measurements as listed in the rightmost column. 


Table 5-1. Interstellar Probe Condensed Science Traceability Matrix as Presented During the 
1st Interstellar Probe Exploration Workshop, New York City, 2018 


Goals Overarching Objectives Specific Questions Measurements 
Interstellar medium (ISM) composition Elemental and isotopic abundances 
Field, plasma, and neutral properties Flows, temperatures, density, charge 
states, fields 
Nature of Interstellar = = ; : : 
RAceicinl Cosmic ray origin Cosmic ray ions/electrons, galactic 
gamma rays, radio 
Our 
Heliosphere Cosmic evolution Isotopic abundances of He and other 
eRe light elements 
Habitable Bubble or tail Plasma, energetic particles, fields, 
Astrosphere energetic neutral atoms (ENAs), radio 
(Primary SuMciOe oie Shocks, hydrogen wall Plasma, neutrals, ENAs, Lyman-alpha 
Goal) Heliosphere 
Effects of the heliosphere on the ISM Plasma, energetic particles, galactic 
cosmic rays (GCRs), ENAs 
y Response to solar (and ISM) variability Thermal plasma, pickup ions (PUls), 
PATE Tes of the waves, anomalous cosmic rays 
Heliosphere : : ; 
Effects of ISM on inner heliosphere PUls, ACRs, high-energy electrons 
Zodiacal dust cloud structure Dust, infrared (IR), plasma 
ISD composition and organic matter Dust, IR (cross-reference to ISM 
Origin and comp.), PUI 
aoa of How Did Matter in the | Edgeworth-Kuiper Belt grain composition Dust 
aneta oo 
or Solar System Originate | Kuiper Belt Object and planetary (KBOP) IR, visible 
(Supporting and Evolve? geology, composition, history 
Goal) Evolutionary aspects and KBOP distribution visible 
KBOP atmospheres, magnetospheres, and ultraviolet, IR, visible, mag, plasma 
interiors 
The First-light galaxies, dust-obscured star Optical/near infrared/far infrared 
Universe formation beyond Zodi 
Beyond ie) How Di Galan oun Mass, distance of lensing targets Optical u-lensing parallax effect 
Circumsolar and Evolve in the o petole Seale EP 
Dust Cloud Universe? 
(Supporting 
Goal) 
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6. Example Model Payload 


After the discussion of the compelling science questions at the 1st Interstellar Probe Exploration 
Workshop in 2018, a preliminary, example baseline payload was discussed and documented. Re- 
source requirements and measurement capabilities were drawn from the input of and presentations 
made by community members at the workshop. It was noted that the stated required resources 
were optimistic as compared to past flown instrumentation. The intention was to provide resource, 
spacecraft, and operational requirements to drive the design of a mission architecture. Trade-offs 


for a lighter, example threshold payload were also discussed but were not analyzed in detail. 


6.1. 


Example Baseline Model Payload 


Table 6-1. Example Baseline Model Payload as Discussed and Documented at the 1st Interstellar 
Probe Exploration Workshop, New York City, 2018, and presented at the AGU Fall Meeting 2018. 


Mass | Power | Bitrate ne Spacecraft : 
Inst t Capabilit . TRL and Herit 
nstrumen (kg) (W) (bps) apabilities Reguirements and Heritage 
Vector Helium 1 2 6 3 axes Boom > 10 m TRL=6 
Magnetometer Dual configuration Fiber optics Cassini, rocket flights 
0.01-10 nT, 10-60 s integrated with 
; sensor 
Power includes 1-W heater 
Spinning 
Fluxgate 5.6 2.2 1200 | 3 axes Boom > 10 m TRL>7 
Magnetometer Spinning Voyager (3.6-m 
boom) 
Plasma Wave 6 1.5 100 | Includes sensor, wire antennas, shielding, >10-m stacer TRL=6 
Instrument harness antennas to Van Allen Probes 
support slow 
spin modes 
Spinning 
Solar Wind and 0.5-80 keV/q Spinning TRL>5 
oo AE/E~ 0.3 Perpendicular to | IMAP 
it : 
win Below) Interstellar PUI: 3He+, 4He+, N+, O+, 2°Ne+, spacecraft spin 
22Net+, Ar+ axis 
Inner source PUI: C+, O+, Mg+, Si+ Onboard 
M oo tate of H-Fe i processing to 
ass and charge state of H-Fe ions abrsin PADS 
1.4 x 10-3 cm? sr eV/eV 
6° x 360° 
Suprathermals | 6.1 10.8 | 1000 |0.03—5 MeV/nuc Spinning TRL>5 
and Energetic 1—>60 amu Perpendicular to | IMAP 
lons 12° x 10° x 7° over 360° spacecraft spin 
axis 
0.2 cm? sr 
Onboard 
processing to 
obtain PADs 
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Mass | Power | Bitrate sie Spacecraft F 
Instrument (kg) (Ww) (bps) Capabilities Beauirements TRL and Heritage 
Cosmic-ray 3 2 2 H~ 50 keV — 200 MeV (stopped in TRL =3 
spectrometer: detector) ACE 
anomalous and H 0.2-2 GeV (penetrating) 
galactic cosmic 
He ~200 keV — 1 GeV 
rays 
C, N, O, Ne 1-200 MeV/nuc 
e- ~50 keV — 30 MeV 
Dust Detector 14 25 579 |M/AM > 200 Deployable TRL=6 
<i cover (TBD) Cassini/CDA, Europa 
1-70 km/s Ram pointing Clipper, IMAP, NASA 
Matisse 
>0.3 um 
Neutral lon 3.5 5 1 Isotope ratios: D/H, 3He/4He, #3C/22C, Ram direction TRL=7 
Mass 189/160, 22Ne/?0Ne, 38Ar/3Ar BepiColombo, 
Spectrometer Li abundance Rosetta, LADEE, 
m/Am > 100 at 10 MAVEN 
Sensitivity: 0.1 cm? 
Low-Energy 3 3 100 | 10-2000 eV (32 energy channels) Scanning TRL=6 
ENA H, He, O, Ne Platform IBEX-Lo comparison: 
45° x 2° pixels using scanning platform 11.5 kg, 3.46 W, 
122 bps 
Medium- 7.37 | 0.65 99 0.38-6.0 keV Spinning TRL=9 
Energy ENA 6.5° IBEX-Hi values shown 
3 x 10-3 cm? sr eV/eV at 2.2 keV (double Heritage: IBEX-Hi 
coincidence, incl. eff.) 
High-Energy 7.2 6.5 500 | >1.5° (electron optics limit) Spinning TRL>7 
ENA 90° x 120° Cassini/INCA, 
~1-300 keV/nuc (ENA) IMAGE/HENA, 
JUICE/JENI, IMAP- 
H, He, O, S 
Ultra 
GF: <1.8 cm? sr 
Efficiency: 0.2 (H) 
Lyman-alpha 12.5 | 11.86 24 | 115-180 nm in 165 bins Scanning TRL=7 
Spectrograph Platform DMSP SSUSI: NASA 
TIMED/GUVI; SSUSI- 
Lite 
VisNIR Imager 8.6 15 i. Panchromatic (~0.3—0.8 um) and Staring and TRL=6 
multispectral (~O.3—2 tum) pushbroom LORRI. DRACO, EIS 
100 m/px at 10,000 km: <5 prad (baselined | CPerations heritage 


~LORRI optics) 


Framing (panchromatic) and pushbroom 
(multispectral) modes (baselined ~EIS 
electronics) 


Single-pass pushbroom stereo capability 
Millisecond to multiple second exposures 


Tolerance needed to observe planet-Sun 
transits beyond 30 AU as exoplanet analog. 
Also could observe moons crossing planets' 
disks. 
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Mass | Power | Bitrate sic Spacecraft F 
Instrument (kg) (Ww) (bps) Capabilities Reguirenients TRL and Heritage 
VISNIR/FIR 4 3 0.5-15.0 + 40-100 um Spinning TRL = 9 for VISNIR 
Mapper 10 prad spacecraft or flight instrument 
scanning design 


7-cm diameter 


platform Voyager/IRIS, 


Galileo/NIMS, 
Cassini/VIMS, 
Rosetta/VIRTIS, New 
Horizons 
RALPH/LEISA 


TRL = 9 using H2RG 
Detector 

Deep Impact HRI/IR, 
OREX/OVIRS, 
JWST/NIRSpec 


TRL=5 Using 
“Speckle” Low 
Mass/Power Design 


CIBER 2 


Total 81.87 | 88.51 | 3611 


6.2. Discussions on an Example Threshold Payload 


A threshold payload must be derived from a careful analysis of a threshold mission and its science 
value. At the 1st Interstellar Probe Exploration Workshop in 2018, a brief discussion was held 
among the participating community members to analyze and document the science loss of a few 
example trades. It is important to note that no consensus was reached on any particular threshold 
science or payload. 


Although imaging of the circumsolar dust by an infrared (IR) detector would provide groundbreak- 
ing information on the large-scale structure, in situ detection by a dust analyzer would still provide 
unprecedented information on the size and compositional distribution along an outward trajec- 
tory. The only dust measurements accomplished to date in the outer solar system have been made 
by the Student Dust Counter on board New Horizons. Even though it did not resolve composition 
or size, it provided the community with a very important constraint, and the only one thus far. 


A dust analyzer provides important elemental and, to some extent, isotopical compositional infor- 
mation about circumsolar dust and interstellar dusts (ISDs). This information would be particularly 
important crossing the heliopause (HP) into the local interstellar medium, providing insights into 
the properties of ISDs in our galaxy that could be an essential part of the building blocks of our and 
other solar systems, as well as galactic chemical evolution. Although a dust counter requires much 
less mass and power, it does not resolve any composition and would provide total number density 
as a function of distance from the Sun. Dust hits could also be counted by a plasma wave antenna 
and provide at least a rough relative number density. 
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The spectral resolution uniquely provided by a Lyman-alpha spectrograph would be the first to 
remotely differentiate the interstellar H flow and wall from the Lyman-alpha background and the 
hotter components believed to exist in the inner and outer heliosheath. Lyman-alpha intensity 
measurements that would not resolve the line shape would repeat the total column density meas- 
urements of H that have been performed by the Voyager/Ultraviolet Spectrometer (UVS) and New 
Horizons/Alice instruments that cannot uniquely resolve the interstellar flow but can be used for 
atmospheric observations during a potential flyby of a dwarf planet or Kuiper Belt Object. 


Given the success of ENA observations from IBEX and Cassini, energetic neutral atom (ENA) imag- 
ing was generally agreed to be one of the more important and appropriate observations from an 
interstellar probe. The wide field of view (FOV) of a high-energy (approximately tens of kiloelec- 
tronvolts) ENA camera (Cassini/INCA and IMAP-Ultra) is required to capture the first unique image 
of the heliosphere shape from an external vantage point beyond the HP. Minimizing the FOV toa 
telescope-like configuration would save some mass but would severely impact the ability to derive 
any information on the global shape. In the medium 0.4- to 10-keV energy range, current instru- 
ment techniques (IBEX-Hi and IMAP-Hi) revolve around a narrow FOV, which necessitates the use 
of a scanning platform to achieve wide angular coverage. This is important to discern the source 
location and mechanisms of the ribbon by imaging from the changing vantage point that a trajec- 
tory out of the heliosphere would provide. Also, it would ensure that any temporal variations in 
emission strength could be captured globally. A telescope-like configuration mounted perpendic- 
ular to the spin axis without a scanning platform would cover a great circle in the sky that would 
scan the boundary along the outward trajectory, much like an MRI scan. However, this would se- 
verely limit the capability to discern global structure or ribbon source location and would make it 
difficult to differentiate between temporal versus spatial variations. 
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7. Mission Architecture: First Steps 


Three foundational tasks dominated the systems engineering and mission architecture effort for 
the beginning of this study: 


1. Multiple options for launch configurations were identified, based on existing hardware and 
new hardware being developed under the Space Launch System (SLS) development effort. 
This effort was accomplished by working closely with the payload accommodation team 
from NASA’s SLS program. 


2. Trajectories were developed and multiple flight paths out of the solar system were ana- 
lyzed, maximizing hyperbolic escape velocity within the expected constraints on the launch 
and flight system. 


3. Critical thermal conditions for the mission were scoped out, particularly for trajectories 
that fly close to the Sun on the way out of the solar system, and initial assessments of 
possible solution spaces were made (R. L. McNutt et al., 2019). 


Along with the science scope and plan, the trajectory information, launch vehicle configurations, 
and conditions for surviving the thermal environment (if a solar Oberth maneuver were to be used) 
are the knowledge base upon which the team can now execute more in-depth design of the flight 
system, develop options for a concept of operations (CONOPS), and home in on an executable 
mission architecture. 


To make an initial assessment of spacecraft performance, we drew upon the class of “smaller” 
outer-solar-system spacecraft flown to date—Pioneer 10/11 (251.8 kg), Ulysses (366.7 kg), and 
New Horizons (478.3 kg) (separated wet masses; Ralph L. McNutt, Jr. et al. (2014) and references 
therein)—supplemented with the large Voyager 1/2 spacecraft (825.4 kg) (Heacock, 1980) (Fig- 
ure 7-1, from Ralph L. McNutt, Jr. et al. (2018)). 


Figure 7-1. Deep-space scientific satellites have varied in mass by a factor of ~3.3. 
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Given APL’s development of New Horizons (Fountain et al., 2008), which is the newest of these 
smaller spacecraft, the use of a general-purpose heat source radioisotope thermoelectric genera- 
tor (GPHS RTG), and the availability of flight drawings, it was decided that the initial scoping studies 
would use the nominal 478.3-kg New Horizons mass along with the form, fit, and function of that 
spacecraft. This approach allowed an initial assessment of the various launch system and trajec- 
tory options to be made while a more mature “custom” spacecraft design proceeded in parallel. 


7.1. Space Launch System Application: Methodology and Required Calculations 


7.1.1. Requirements 


Ata technical exchange meeting held at Marshall Space Flight Center (MSFC) on 5 December 2017, 
requirements were articulated for “what is needed”: 


e Good performance numbers for SLS Block 1B (but see footnote 26) with various stage com- 
binations 


e Separated spacecraft mass of 300-800 kg “bounds the box” (increased from 200 kg to be 
more realistic, as of 1 May 2018) 


e  Kick-stage selections based on existing hardware 


7.1.2. Background 


This list of “needs” is based on previous work reported at the 65th International Astronautical 
Congress (IAC) in Toronto, Canada, in 2014 (Ralph L. McNutt, Jr. et al., 2014), the 66th IAC in Jeru- 
salem, Israel, in 2015 (Ralph L. McNutt, Jr., Benson, et al., 2015), and at the 67th IAC in Guadala- 
jara, Mexico, in 2016 (Ralph L. McNutt, Jr. et al., 2016); general issues relating to the SLS Block 1B 
usage were also presented at the 2016 IAC (Ralph L. McNutt, Jr. & Vernon, 2016). Follow-up gen- 
eral information was presented at the 68th IAC in Adelaide, Australia, in 2017 (Ralph L. McNutt, Jr. 
et al., 2017). 


Ralph L. McNutt, Jr., Benson, et al. (2015) contains initial trade studies on upper stages—and this 
at a time when the SLS design itself was still undergoing significant changes. At that time, the study 
examined the SLS Block 1B 27000 (cargo) configuration with focus on what were then considered 
four “near-term” systems: 


1. Interim Cryogenic Propulsion Stage (ICPS) 
2. Star 48BV 


3. CASTOR 30B: The Antares 220 Second Stage [Antares 122 per OSP-3 User’s Guide, Release 
1.1, July 2013] 


4. CASTOR 30XL: The Antares 230 Second Stage [Antares 132 per OSP-3 User’s Guide, Release 
1.1, July 2013] 
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Best performance was found when “The STAR 48BV was used in conjunction with either an ICPS 
or Castor 30XL as the stage between the STAR 48BV and the EUS” (Ralph L. McNutt, Jr., Aleman, 
et al., 2015). 


The ICPS is now off the option list, and the SLS Block 1B design has continued evolving, so please 
read further. (At the time, NASA pronouncements suggested that the SLS Block 1 with the ICPS 
rather than the Exploration Upper Stage (EUS) might be the only available launch combination in 
the near future.) 


Earlier work (Ralph L. McNutt, Jr. et al., 2014) conducted a more general review of available upper 
stages combined with what was then known about the notional SLS configurations. Then, as later, 
the best choice for the “final” upper stage appeared to be the Star 48BV stage. The match is about 
correct for limiting the burnout acceleration, and a similar upper stage was then considered for— 
and is now implemented for—Parker Solar Probe, which launched on 12 August 2018. 


At that time and through the 2015 calculations (Ralph L. McNutt, Jr., Benson, et al., 2015) and later 
unpublished ones, it became clear that the very high C3s required can only be obtained with a 
sizable upper stage with an appropriate size and between the EUS of the SLS Block 1B and the Star 
A48BV powered stage. Higher performance by the notional (in 2015) SLS Block 2 would, of course, 
be preferable. However, we have chosen not to pursue that configuration because its exact per- 
formance and date of initial operational capability (IOC) remain undefined at this time. (At the 
time, it was thought to be worthwhile to look at the nominal Block 2 performance just to establish 
what might notionally be possible, but newer developments have led to the analysis using the 
Block 2 performance as now understood in January 2020 (Stough et al., 2019)). 


7.1.3. Configurations 


To “bound the box,” we need to continue to look at final separated spacecraft masses of 300-800 
kg, although 300 kg may be so light as to violate safe acceleration limits (one of the first items that 
requires evaluation). 


Such a configuration would be used for a direct flight to Jupiter and a passive gravity assist there 
(i.e., “Option 1,” cf. section 11.5.3). For that configuration, we need a robust, high-fidelity design 
with margins, adaptors, etc., and based on the currently best known SLS Block 1B parameters in 
order to provide a good injected mass versus C3 curve for that best configuration and separated 
mass of 300-800 kg for the spacecraft. 


In addition, there are two other configurations that need detailed evaluation and will require the 
convolution of mission design with launch vehicle staging and approach. 


e Powered Jupiter flyby (“Option 2”) 


e Oberth maneuver (powered Sun flyby) (“Option 3”) 
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To look at either of these options, we need to know the injected mass versus C3 for the SLS Block 1B 
for trajectories that allow a stack of kick stages plus the satellite to actually reach Jupiter. A sim- 
plified, analytic, patched-conic model calculation (see the appendix of the 2014 IAC paper refer- 
enced above) in its current instantiation (of 5 December 2017) has been developed to provide 
some estimates. For Earth and Jupiter in coplanar, circular orbits (with orbital radii equal to their 
semimajor axes), the C3 to reach Jupiter on a Hohmann transfer is 77.32 km?/s* with a fly-out time 
from Earth of 2.73 years; the required C3 can be lowered with a AV Earth gravity assist (AV-EGA) 
and/or additional EGAs and Venus gravity assists (VGAs). This approach was used with both Galileo 
and Cassini but is accomplished at the expense of additional fly-out time to Jupiter. Because min- 
imization of mission time is a driving requirement and such maneuvers require additional large 
deep-space maneuvers (DSMs) with corresponding propulsion systems, we defer the use of such 
gravity assists to reach Jupiter initially to possible future studies. 


7.1.4. Option 1, Option 2, and How They Trade 


To deal with option 2, the appropriate trade is to use an optimized staging approach (i.e., deter- 
mine optimal real stage stacks with a parameterized, separated spacecraft mass as a parameter 
that runs from 300 to 800 kg). Next, compare the asymptotic solar system escape speed for burn- 
ing all stages during Earth launch followed by an optimized, passive, Jupiter flyby with the asymp- 
totic solar system escape speed with a launch using all but the uppermost kick stage (presumably 
powered by a Star 48BV motor), and then optimizing the subsequent Jupiter flyby with an engine 
burn of that stage at perijove. This ignores the issue of stage maintenance during the Earth-to- 
Jupiter cruise. Finally—and only if energetically possible (which it likely is not)—boost the top two 
kick stages with the spacecraft to Jupiter and burn both of those stages there. 


Rough calculations with the previously identified SLS Block 1B capability and the above-mentioned 
analytic work indicate that the powered Jupiter gravity assist (JGA) does not trade well against a 
passive JGA after a far larger launch C3. To the best of our knowledge, such a result is not “obvi- 
ous,” nor has it ever been done. If the assertion is that one does far better with the higher launch 
energy, then this is an important result, not just for this study at hand, but in general. 


Of course, Jupiter and Earth are not in coplanar, circular orbits. Those features do make a differ- 
ence because optimized launch windows for the Earth-Jupiter system occur at the synodic period 
of 398.9 days (1.092 years) versus Jupiter’s sidereal period of 11.86 years. Because there is no 
small number of synodic periods that are integral, the “pattern” of Earth-Jupiter transfers does 
not repeat on small timescales: Each optimal occurrence advances the ecliptic longitude by 
~33.16°. After 11 synodic periods (i.e., after 12 years), the period is very close to repeating. Hence, 
within a given 12-year period, there should be a “best” case and a “worst” case for an optimized 
(“highest” = “best”) asymptotic solar system escape speed to a given target. With Jupiter’s small 
orbital inclination with respect to the plane of the ecliptic (1.303°), a “best” (most rapidly reached) 
target in the sky will always lie very near the plane of the ecliptic. 


Hence, for trajectory comparison purposes, an approach could be to consider the period from 
2015 to 2050 (2100 is a better choice to deal with any “but what ifs”, e.g., programmatic), assume 
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an “optimal” SLS Block 1B plus kick stage(s) configuration for a separated spacecraft mass of 300— 
800 kg in, e.g., 50-kg increments (13 parameter values) and provide the corresponding C3, and 
determine for each calendar year (for 50 [80 years from 2020 to 2100] years) (1) the optimal 
launch date and launch declination as well as the corresponding optimal ecliptic latitude and lon- 
gitude of the resulting “aim-point” on the sky, (2) the optimal Jupiter encounter date (and hence 
fly-out time to Jupiter) and optimal perijove altitude and latitude (Jupiter-centric), and (3) the re- 
sulting asymptotic escape vector of the spacecraft (speed, ecliptic latitude, and ecliptic longitude). 
These data would complete the “scoping calculation” for what we can call Option 1. 


The option 2 scenario consists of all of the same inputs and calculations as option 1, with the 
significant exception that the final kick stage would exercise its burn centered on perijove, rather 
than being used as part of the launch scenario. We will not worry about any changes that might 
be required for multiyear, deep-space “storage” of the kick-stage propellant—whether solid or 
liquid—as part of this exercise. The purpose is to provide a direct comparison of what can be 
achieved with the two launch approaches in some technologically ideal limit. 


Depending on the difficulties of these calculations, we may want to redo them, with arbitrarily 
higher specific impulses for the final kick stage: a value of ~450 seconds (characteristic of a non- 
existent liquid oxygen/liquid hydrogen [LOX/LH2] engine of the same mass class) and a value of 
~900 seconds (characteristic of a nonexistent nuclear thermal rocket engine with LH2 propellant 
of the same mass class) (see further discussion of “advanced” upper stages in a separate docu- 
ment). Such engines likely cannot be built; the point of doing such calculations is to demonstrate 
in no uncertain terms that the relative performance of the two scenarios is independent of the 
specific impulse of the final kick stage. 


7.1.5. Option 3 


In this scenario, the Jupiter flyby is retrograde to enable a fall into the Sun by “killing off” the 
spacecraft’s solar system angular momentum. Option 3 uses the Oberth maneuver. As outlined 
above, (for now) we would only consider direct flights from Earth to Jupiter, i.e., no VGAs or EGAs 
either solely or in any combination (hence, no “extra propulsion system” to execute a DSM is con- 
sidered in the mass stack-up). As with Options 1 and 2, there is a minimum launch C3 required to 
reach Jupiter (and this will, of course, vary across our 80-year period with a periodicity of ~12 
years, also as noted previously). 


In this case, an upper kick stage must be carried to a close solar flyby. The launch C3 sets the 
perihelion distance that can be reached. In addition, one must worry about appropriate thermal 
shielding for the spacecraft, and that will also vary with the perihelion point and will change the 
mass and, hence, available velocity change from the perihelion burn and ultimate asymptotic solar 
system escape speed. 


We break the scenario into two pieces. The first is parameterized by the separated spacecraft mass 
and by the perihelion; the second adds in the required thermal shield mass to enable the space- 
craft to survive the perihelion pass and fire the final kick stage. By bounding the perihelion be- 
tween 1 solar radius, i.e., the photosphere, and 10 solar radii, just inside the nominal, final Parker 
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Solar Probe perihelion of 9.86 solar radii, the full range of possibilities can be viewed. N.B. All per- 
ihelion distances are in units of solar radii from the center of the Sun. Numbers from the model 
calculation indicate a fairly narrow range of C3s: 104.2 km?/s* to get to “15.4 solar radii, increasing 
to 109.9 km?/s? to reach 1 solar radius. 


What we can call “Option 3a” uses this approach—with no thermal shield—to calculate perfor- 
mance as compared with those of Option 1 and Option 2. In “Option 3b,” for each of a grid of 
perihelion values, say 1-10 solar radii by 0.5 solar radius increments, a thermal shield mass would 
be added for a given perihelion and the range of separated spacecraft masses. For this pass, we 
assume a geometrical configuration of the New Horizons spacecraft and its upper stage (and per- 
ihelion values of 3, 4, and 5 solar radii (R. L. McNutt et al., 2019)). 


This approach separates detailed consideration of mission design plus launch vehicle, detailed 
spacecraft design, reliability, instrument contingent, and science goals from each other, but pro- 
vides a parametric structure to link these parallel efforts together in what is essentially a “first run” 
at the overall task. 


The preliminary calculation on the effect of the mass of the thermal shield is shown in Figure 7-2 
(and again in Figure 11-3 with the supporting calculation detail). 


This example is for a Star 48BV stage and illustrates the problem for the ideal case of a spacecraft 
falling in from infinity (rather than “just” from Jupiter). N.B. At 4 solar radii and no shield penalty, 
we are looking at ~8 astronomical units (au)/year asymptotic escape speed, based on this engine. 
This is a very rough calculation, but it nonetheless illustrates the type of calculation that is required 
with fairly high fidelity. A fully self-consistent solution will, of course, require a fairly complete 
spacecraft design, but this helps provide a good first cut in deciding which option or piece thereof 
to pursue. 


It is worth noting that part of this is up against fundamental physical limits (see also section 11.1.3). 
The escape speed from the Sun’s surface (i.e., the photosphere) is 


Voun = [pets = 617.6 km/s. 


The ideal Oberth maneuver limit is then 


— 1/2 Rs a3 _ km 1/2 Rs ae am 
Vesco = (2Vsun AV)/? (=2) = 35.14(AV[E]) ~) km/s = 


Tp 


/ 
7.413 (av ies)" (8) au/yr (1) 
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Oberth Maneuver performance with thermal protection system 
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Figure 7-2. (See same figure and detail in current section 11.2.2 for details.) For a fixed solid kick stage, 
this figure illustrates the decrease in performance for a solar Oberth maneuver due to the added mass 
of a thermal protection system (TPS). Maximum performance can be expected as the distance to the 
Sun's center decreases and the potential gain in performance by going deeper into the Sun's gravity 
well is overtaken by the required increase in mass of the TPS. The exact location is heavily dependent on 
the details of the combined thermal, mechanical, and attitude control system design of the entire system. 


Hence, in the ideal case, to achieve an asymptotic escape speed of 20 au/year, the requirement is 


asda 1/4 
(av [#}) (=) = = 2.69796 (2) 
or 
pe\t/2 
(AV[*]) (35) = 7.27900. (3) 


This provides the fundamental lower limit for the required AV by setting rp = 1 Rs. Even for this 
case, such a large propulsive maneuver is not possible with a single-stage-solid or -cryogenic 
(LOX/LH2) stage. Although within the range of a thermal nuclear rocket engine stage, such stages 
have never been developed to flight hardware status, and all designs have been for stage sizes 
about a factor of 10 too large for this application (e.g., Schnitzler & Borowski, 2007, 2008; 
Schnitzler et al., 2009). 


This being said, if the asymptotic speed were backed off to 10 au/year (about three times that of 
Voyager 2 and somewhat less than three times that of Voyager 1, ~10.8 au/year), the constitutive 
relationships for the idea case change to 
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aa t/2 1/4 
(avery)? (%) = sh, = 134898 (4) 
or 
ante 
(av 2") (5) = 181975. (5) 


For a perihelion of 2.5 Rs, the AV is 2.87728 km/s. This is within the potential scope of what might 
be accomplished with a solid rocket motor stage. The driving question in this point design is what 
would be the required mass of the thermal shield for such a close perihelion distance. 


At an asymptotic fly-out speed of 10 au/year, the mission would reach the solar gravitational lens 
distance (Eshleman, 1979) of ~550 au in just over 50 years of flight time. Although there are sig- 
nificant technical challenges in exploiting this feature (Turyshev & Andersson, 2003), the reach 
would still be approximately three times the expected penetration of Voyager 1 into the very local 
interstellar medium (VLISM) before its demise. As we show in the following sections, this high of 
an asymptotic fly-out speed remains “challenging” at best. 


7.1.6. Summary, Characteristics, and Comparisons 


A review of ultimate SLS Block 1B high-C3 capabilities? and how those relate to existing kick stages 
is required, along with a baseline spacecraft design, for the input to Option 1 and Option 2 calcu- 
lations. Such calculations would provide a basis for determining “current” capabilities, as well as 
the required starting point for the Option 3 calculations. Additional potential subjects include tar- 
geting close flybys of (known) large Kuiper Belt Objects (KBOs) as indicated in Figure 7-3 (repro- 
duced from Ralph L. McNutt, Jr., Benson, et al. (2015)). 


Insights can be drawn from New Horizons before its encounter with Arrokoth (Stern et al., 2019) 
when the spacecraft was within 2 au of its flyby of the small KBO 2014 MU69 (“Ultima Thule”) 
(Figure 7-4). This small KBO has a slightly larger eccentricity than that of Quaoar (0.04815 versus 
0.03756) and a slightly larger semimajor axis (44.52 au versus 43.62 au). The point is that with 
respect to lighting and sequencing, the New Horizons flyby of 2014 MU69 is almost a perfect dress 
rehearsal for a future flyby of Quaoar by an interstellar probe, albeit at a significantly faster (at 
least a factor of 2) flyby speed. Ixion, a similar larger KBO, is about the correct direction but some- 
what closer to the Sun and in a higher eccentricity orbit (data from the Jet Propulsion Laboratory 
[JPL] Solar System Dynamics Small-Body Data Base Browser, as of 7 May 2018). 


1 As noted elsewhere in this report, the performance characteristics of the SLS and its variants continued to evolve 
during the early portion of this study. At the beginning of the study, the designation was SLS B1B BOLE (Booster Ob- 
solescence Life Extension), which would be the enhanced performance B1B after the existing stockpile of boosters 
from the Space Transportation System (STS or “Space Shuttle”) ran out in the mid-2020s. At the start of this study, 
these were also referred to as the SLS B1B+. As the design has matured, projected performance has increased, and 
the designation has been shifted to the SLS Block 2 (also SLS B2 (Stough et al., 2019)). 
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Large Kuiper Belt Object locations: 2010 - 2040 
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Figure 7-3. The background map shows the Interstellar Boundary Explorer (IBEX) “ribbon” source of 
energetic neutral atoms (ENAs). The location of Quaoar (and its moon Weywot) is near the ribbon and 
the plane of the ecliptic. Quaoar is about the same size as Pluto’s large moon Charon and might make 
for a good flyby target on the way “out” of the solar system, the trade being the mass of appropriate 
flyby instruments, need for three-axis stabilization, etc. The New Horizons flyby of 2014 MU69 (as of this 
writing successfully accomplished) will make for a good test case (size versus flyby speed). 


A final note is the possibility of using multiple gravity assists to increase further the asymptotic 
escape speed. Planetary locations between now and the end of the century drive the potential 
solution space, especially because of the very long orbital periods of Uranus and Neptune. For a 
limited number of aim-points on the sky, the solution space tends to be over-constrained (cf., e.g., 
figure 7 in Fiehler and McNutt (2006)). What has not been done is to look for possible trajectories 
with dual planetary flybys to maximize the fly-out speed without regard for the end point of the 
asymptotic trajectory on the sky. Such calculations would enable us to “bound the box” for such 
variations on the other scenarios. A Jupiter flyby appears to be required in any case; whether the 
limitations on launch windows would be worth potential gains of adding additional available flybys 
before the year 2100 has not yet been explored. 


The physical limitations of simple ballistic trajectories are illustrated in the Figure 7-5. These are 
based on a simple analytic model (described in section 7.1.3 with additional details given in the 
appendix of (Ralph L. McNutt, Jr. et al., 2014) and compare fly-out times and asymptotic speeds 
both with and without optimized (passive) Jupiter flybys. The “direct” and “assist” (Jupiter flyby) 
curves merge eventually because the gravity assists become less and less effectual as the optimal 
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New Horizons Full Trajectory — To Kuiper Belt Object 2014 MU69 
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Figure 7-4. The location of New Horizons on 5 May 2018, after the successful Pluto system flyby in 2015 
and before the flyby of the small KBO 2014 MU69 (now officially designated 486958 Arrokoth). This 
shows the period of intense planning for the flyby, largely driven by uncertainties in the heliocentric 
radial position of the object. This will be a common concern for all future KBO close flybys because of 
limited observation of their orbits, set by their relatively recent discoveries (this was also an issue with 
the Pluto flyby because the orbit of Pluto has only been tracked since its discovery in 1930 (Slipher, 1930; 
Stromgren, 1930), and that includes only a small fraction of its long orbit). 


flyby closest approach distance moves farther and farther toward the center of a point-mass Jupi- 
ter,* whereas the actual closest approach is, of course, limited by the true planetary radius. The 
square root of the C3 value simply indicates the post-Earth-escape speed being added and, for 
computing travel times, does not take into account the extra “boost” provided by the Earth’s or- 
bital soeed about the Sun. 


Altogether, six different ballistic trade options can be considered, if the goal is to maximize the fly- 
out speed from the Sun and into the near interstellar medium. The cases just described appear to 
be the only ones not dismissed fairly easily. 


For a given launch vehicle configuration, other than the simple cases of a direct ascent or a passive 
JGA (“Minovitch maneuver,” used by all five solar-system-escaping spacecraft launched to date), 
all other cases convolve significant engineering issues (primarily, but not exclusively, thermal and 
structural) with mission design. Of these, the powered-solar flyby (“Oberth maneuver”) appears 
to offer the most potential promise but also provides the largest challenges: 


* After these initial calculations, an error was found showing the gravity assist curves actually overestimate the escape 
speed and underestimate the flight times by a small amount for a value of C3 > ~225 km?/s?. 
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Figure 7-5. Calculations are based on the appendix of (Ralph L. McNutt, Jr. et al., 2014). (Left) Transit 
times from Earth launch to a heliocentric distance of 200 au using ballistic trajectories both with and 
without JGAs. The optimized solution targets a perijove such that the outgoing asymptote in the helio- 
centric frame is parallel to Jupiter’s orbital velocity. An error in the optimized time calculation slightly 
underestimates the time for C3 > ~225 km?2/s?. (Right) Corresponding asymptotic speeds. 


1. Its near-solar burn is a critical maneuver. 

2. It cannot be tested in a “full-up” thermal and radiation environment. 

3. It adds over three years up front to the mission (from launch to the Sun periapsis burn). 
4. It requires thermal protection (for the rocket motor). 

5. It increases the overall range of thermal requirements. 


Even with all of these considerations, by far the most challenging issue—and an entirely separate 
topic—is dealing with these five items while also having a rocket stage (or stages) that can be built 
with today’s or even near-term technology while satisfying whatever solar system escape speed 
requirement is imposed in equation 1 above. Put differently, if, for a given launch vehicle configu- 
ration, the optimized thermal shield/rocket-stage design can only provide a maximal performance 
such that the solar system escape speed is, at best, what can be provided by a passive JGA, then 
the Oberth maneuver can be ruled out as a viable technical approach because of the significant 
additional development and operational risks. 


Hence, the most important issue to resolve in this study is precisely the viability of a solar Oberth 
maneuver because it will determine what can actually be accomplished with an all-ballistic ap- 
proach. For reference, an asymptotic fly-out speed of 20 au/year using an optimized (“skimming 
the clouds”) JGA would require a launch C3 of ~4036 km?/s? (an optimized Jupiter flyby is ~1.03 
Jovian radii at a launch C3 of ~476 km?/s*). For comparison, the fly-out speed of 20 au/year could 
also be provided using an Oberth maneuver with a AV of ~7.3 km/s at the edge of the photosphere 
(1 solar radius from the center of the Sun with a black body temperature of ~5780 K). Backing off 
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to 10 solar radii (closest approach to the Sun for the Parker Solar Probe) for the maneuver in- 
creases the required AV to ~23 km/s (estimated lower limit from equation 1). Such a requirement 
is, at best, well beyond current and near-term technology and, at worst, simply not achievable 
because of the physical and chemical properties of materials. 


To set the scale, it is worth remembering that a speed of 1 au per (Julian) year is 
4.740470461 km/s, and with 1 parsec (pc) = 206,264.806 au, at 20 au/year the distance to Proxima 
Centauri (4.246 light years or 1.302 pc) would be covered in some 13,428 years. This is at a speed 
of 94.81 km/s, at which one could cover the distance from Washington, DC, to New York City (328 
km) in 3.46 seconds. 


7.1.7. Are There Other Viable Approaches? 


The short answer is no. Typically, this question is interpreted in terms of “low-thrust” or “in-space 
propulsion,” which are different ways of expressing the same concept. These concepts break into 
“sails” and “electric propulsion.” 


The category of “sails” includes “solar sails” (using sunlight), “laser sails” (using illumination from 
a laser), “microwave sails” (using illumination from microwaves) (Forward, 1985), “radioisotope 
sails” (using asymmetric alpha-particle emission for propulsion) (Forward, 1996; Short & Sabin, 
1959-60), and “electric sails” (Janhunen & Sandroos, 2007; Janhunen, 2008, 2014) or “magsails” 
(using wires to interact with the electric and magnetic fields in the solar wind) (Winglee, 1999). All 
of these suffer from structural support mass issues. General analysis could—and should—be done 
to rule out this class of purported “solutions.” 


The category of “electric propulsion” divides into three generally recognized thruster types—ion, 
Hall, and magnetoplasma dynamic (MPD)—and three types of electric power—nuclear fission, ra- 
dioisotope, and solar (although some might argue nuclear fusion should be included, net energy 
gain from such systems remains to be demonstrated; in any case this is far-term technology and 
out of scope for this current effort (e.g., Bussard, 1990; Hilton et al., 1964; Hyde et al., 1972; Razin 
et al., 2014; Reinmann, 1971; Williams et al., 2001). Electric propulsion began its developmental 
history in the 1960s with the Space Electric Rocket Test | (SERT |—powered for ~1 hour with a 
battery). It was not “proven” in flight until the flight of the New Millennium Program Deep Space 
1 (DS-1) mission to Comet Borrelly in 1998 (Rayman & Lehman, 1997; Rayman & Varghese, 2001). 
That flight paved the way for the subsequent NASA Discovery Program Dawn mission to Ceres and 
Vesta (Russell et al., 2004) and the European Space Agency (ESA) SMART-1 mission to the Moon. 
The other approaches have not fared so well. The first attempt at nuclear electric propulsion (NEP) 
was with the SNAPSHOT or SNAP-10A mission launched from Vandenberg Air Force Base (VAFB) 
on 3 April 1965; the ion propulsion part was secondary to the goal of running a reactor in space. 
An electrical malfunction led to the ejection of the neutron beryllium reflectors after 43 days of 
operation in space (Voss, 1984). The SP-100 program never came to fruition (The SP-100 nuclear 
reactor program: Should it be continued’, 1992), nor did the other nuclear engine concepts under 
Project Timberwind of the Strategic Defense Initiative (SDI). The subsequent Phase A study on 
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Project Prometheus for the Jupiter Icy Moons Orbiter (JIMO) identified technical issues for a ro- 
botic NEP spacecraft (Taylor, 2005), but the project was canceled, likely because of the projected 
multibillion dollar costs for retiring engineering uncertainties. 


Radioisotope electric propulsion (REP) (Robert J. Noble, 1993; R. J. Noble, 1998, 1999) was consid- 
ered for one of the NASA “Vision Mission” implementations of an interstellar probe (R. L. McNutt, 
Jr. et al., 2005), but the low-mass electric converters that enable the approach (have so far) failed 
to materialize. 


Other thruster variants such as the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) 
and the aforementioned MPD approach require significant electrical power (more than hundreds 
of kWe) that can only be achieved with nominal fission reactors of the Prometheus size or larger. 


Given the structural issues with sails operating near a lightness number of unity, the cost and mass 
issues associated with NEP, and the high specific masses of REP, there are no near-term, viable, 
low-thrust propulsion options for a robotic interstellar probe. 


7.1.8. What About Exotic Propulsion? 


“Exotic propulsion” is terminology that is typically, but not always, used for types of “propulsion” 
that are based on physical principles but totally lacking in required technology development (Bruno 
et al., 2013) and demonstration. Some of many examples include, e.g., inertial confinement fusion 
(Hilton et al., 1964; Powell et al., 1973; Reinmann, 1971; Roth, 1961-62), muon catalyzed fusion, 
gas-core fission reactors (Grey, 1959; McLafferty, 1970a, 1970b; Moeckel, 1972; Ordway, 1970), and 
photon propulsion (Peschka, 1956; Sanger, 1961; Stuhlinger, 1959). Other proposed concepts are in 
apparent violation of known physics laws (e.g., “cold fusion”) (Steinetz et al., 2020) or total violation 
of physics laws (e.g., the EM Drive) (White et al., 2016). The goal of the NASA Breakthrough Propul- 
sion Physics Program (BPPP) was to uncover, but demonstrate the viability of, such concepts (M. G. 
Millis, 1999). The program cut a wide swath through many notional concepts (Marc G. Millis & Davis, 
2009) but funding was shut down (in 2002) and the principals dispersed after documenting the 
funded program (~$1.2M) (MarkG. Millis, 2010; Wikipedia, 2020a). None of the identified concepts 
have moved to a state of even “promising” technology. 


Previous “exotic” concepts have also been documented (Chew et al., 2001); all such efforts have 
had as their aim the identification of heretofore unknown means of implementing “fast” (equaling 
approximately within a human lifetime) interstellar travel. 


7.1.9. The Conundrum of Human Interstellar Travel Remains 


Speculations on the need for a way out of the solar system date to the beginning of the 20th 
century from Tsiolkovskii (Tsiolkovskiy, 1967) and Goddard (Goddard, 1983) (cf. section 11.1.2). 
After World War Il, investigations began into the implications for special relativity for space travel 
in general (Ackeret, 1946, 1947) and interstellar travel in particular (Shepherd, 1952), with “atomic 
rockets” as the enabling technology (Shepherd & Cleaver, 1948a, 1948b, 1949). Considerations of 
the implications of power levels required to perform such missions (Peschka, 1956; Sanger, 1961) 
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had already led to an appreciation of the enormous technical difficulties such travel would impose 
(Purcell, 1963). The most eloquent exposition of the time used these features to argue for there 
being “general limits to space travel” (Sagan, 1963; von Hoerner, 1962) with the implication that 
to investigate the positive outcome possibility of “Fermi’s paradox” (Jones, 1985), the human race 
should investigate communication with extraterrestrial intelligence (CETI) (Shklovskii & Sagan, 
1968). That line of reasoning was rebranded as the search for extraterrestrial intelligence (SETI) 
(Tarter, 2001), which, it can be argued, now plays a large role in the de facto raison d’étre of the 
accelerating field of exoplanet research. 


With the only alternatives to “fast” interstellar travel being human—or robotic—“hibernation” or 
sufficiently large generational “world ships” (Asimov, 1966; Bernal, 1969), the initiative of an “In- 
terstellar Probe” may look questionable to some. However, it is worth bearing in mind that even 
our voyages to the “nearby environs” of the solar system have already left an indelible mark on 
the human psyche and experience. Lao-Tzu is said to have remarked words to the effect that “a 
journey of a thousand miles begins with a single step” some 26 centuries ago. And there are ex- 
amples of just that (on the Earth!), from Marco Polo’s reported travel of 15,000 miles during 24 
years (Wikipedia, 2020c) to Ibn Battuta’s supposed journey of 75,000 miles during 29 years of 
travels across the world (Wikipedia, 2020b). Of course, Voyager 1 at almost 21 light hours from 
Earth after 43 years and 1 month of travel (as of October 2020), holds the current record for far- 
thest distance traveled. 


How far we will go in space—to echo Asimov's query of 52 years ago (Asimov, 1966) —is not clear, 
and will not be for some time to come. But that does not mean we should hesitate to take the first 
step. There is a universe waiting for us.... 


7.2... Maximizing Heliocentric Hyperbolic Escape Velocity: System Challenges 


The three different architectures/considered in this study (sections 7.1.4—7.1.6; 7.2, and 11.5.3)— 
all hinging on a Jupiter flyby, and one with a close solar flyby—generally are recognized as the only 
ballistic alternatives (Jaffe et al., 1977). 


The analysis of the passive Jupiter flyby scenario (Option 1) provides a baseline mission architec- 
ture that minimizes complexity. Although it does result in a fly-out speed that is significantly in 
excess of that of Voyager 1 (3.58 au/year = 17.00 km/s; cf. (Natha & Espinoza, 2020)), the speed 
for an “average” Jupiter flyby remains ~6—8 au/year for “typical” values of C3 (200-350 km?/s?; 
Figure 7-5, right panel), which should be achievable with the SLS configurations being considered. 
Although some of the previous studies have noted significantly higher fly-out speeds (up to 
~20 au/year), sections 4.3.2 and 4.3.3 discuss the potential value of slower fly-out speeds in terms 
of science data collection requirements. 


This baseline also reveals important characteristics of the mission that apply to all three architec- 
tures under consideration, as discussed in the following subsections (7.2.1—7.2.3): 


¢ The repetition of a maximum speed approximately every 13 months in sync with the rela- 
tive motion of Earth and Jupiter 
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¢ Our ability to access any direction, in the plane of ecliptic, using Jupiter as a gravitational 
leverage point along the way 


* Clear understanding of the duration of each launch window (around the local maxima on 
the curve) 


This baseline also gives us minimum speeds to compare to in future iterations of this study as other 
mission requirements are added, such as targeting asymptotes that are out of plane with the eclip- 
tic and variations of payload and, hence, separated spacecraft mass. For future analyses with tra- 
jectories that require flying out of the plane of the ecliptic, we will be able to compare the trade- 
off between achieving that targeted distance and the lower hyperbolic asymptotic escape velocity 
due to using some of the gravitational assist by Jupiter to accelerate upward (or downward) in- 
stead of simply speeding up. This analysis also reveals, through its comparison to the powered 
Jupiter assist, the answer to an old and important question: Where is the most advantageous place 
at a systems level to expend the mission’s propellant to achieve a maximum escape speed? 


We considered two identical systems. In one case (Option 1), every rocket stage is fired as part of 
an optimized launch sequence, targeting a passive Jupiter flyby. In the second case (Option 2), the 
final/uppermost kick stage is fired at Jupiter—hence, a powered JGA. 


The result is not intuitively clear. In the first case, all the fuel is expended right away, close to Earth 
and much closer to the Sun, than in the second case. In the second case, a stack consisting of the 
separated spacecraft and the final stage, plus the adaptor between the two, supplementary heat- 
ers for the solid fuel in the upper stage, additional avionics as required, and other parasitic masses 
ends up on a slower trajectory to Jupiter before the final stage is ignited in the gravity well there. 
Hence, full-up self-consistent system designs are required for an “honest” comparison. 


Our initial side-by-side analyses suggest that the powered Jupiter flyby provides an increased solar 
system asymptotic escape speed. However, this approach also requires a more complicated flight 
system and the additional requirement of long-term, in-space storage of a final kick stage, with a 
solid rocket motor, before use. Given initial projected capabilities of the SLS and a variety of upper 
stages (see also Figure 7-6 and Figure 7-7), pragmatic scenarios (i.e., based on existing flight hard- 
ware) are consistent with neither multiple solid stages nor liquid-propellant stages (including mono- 
and bipropellant) transported to Jupiter. These more complex solutions are ruled out by risk and 
the lack of a significant performance increase (cf., e.g., Ralph L. McNutt, Jr. and Vernon (2016)). 


This trade is not merely of academic value. This result has profound programmatic impact. NASA, 
when considering this and future missions that require substantial launch and energy require- 
ments as we explore our solar system and beyond, balances cost and risk against the value of each 
mission. These initial analyses suggest that by moving the firing time and position of one element 
in the system, effectively changing the system’s complexity and therefore risk, a higher speed may 
be achieved. The cost and cost risk of development need further study, but the powered flyby 
appears to be superior if speed is the singular figure of merit. 
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Figure 7-6. (Left) A passive JGA can achieve ~7 au/year with the simplest of systems and a launch C3 of 
between 200 and 300 km2/s?. (Right) Corresponding spread in distribution of fly-out directions as the 
C3 is varied for three different fly-out windows. N.B. The years across the X-axis are listed in quotation 
marks (“...") because this pattern can be adjusted forward or backward in time by a sidereal Jupiter year 
(~11.86 Earth sidereal years), and the same pattern holds. 


To explore these three mission architectures to characterize the balance among outbound speed, 
complexity, and mass, the payload mass was fixed at 60 kg, with a complete exploration space- 
craft mass fixed at 487.3 kg, the (wet) mass of the New Horizons spacecraft at launch. Additional 
mass for kick stages and, where applicable, thermal control systems was added in addition to the 
487.3-kg spacecraft mass. The fixed-mass spacecraft thus allows the three architectures to be 
compared initially across a range of launch years and outbound directions. More details of these 
comparisons follow. 


7.2.1. Heliocentric Escape via Jupiter Passive Flyby (Option 1) 


A direct method for solar system escape is to utilize the amount of Earth-escape launch energy 
along with the most opportune passage and acceleration assist provided by a Jupiter flyby trajec- 
tory. This study is focusing on launch opportunities within and around the decade of the 2030s; 
direct transfers with the shortest time of flight between Earth and Jupiter occur approximately 
every 13 months in the cycle of Jupiter’s synodic period. With the objective of maximizing the 
heliocentric escape velocity of a spacecraft using a JGA, the best combinations of Earth launch 
energy and either passive or powered Jupiter flybys are analyzed over the period of interest. Figure 
7-6 shows the variation of outbound speed across an entire Jupiter orbit as a function of launch C3. 


The most direct method for achieving a high-velocity escape from the solar system is to pair a 
maximized C3 launch energy with a JGA. Our study focuses on launch opportunities beginning in 
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Figure 7-7. (Left) A powered JGA can, in principle, achieve ~9 au per year for conditions similar to those 
assumed for the passive JGA depicted in Figure 7-6. However, a consistent comparison requires correct- 
ing the available launch C3 for the additional stage mass as well as other required mass increases asso- 
ciated with added guidance and control and thermal needs associated with getting the kick stage (here 
a Star 48BV) from Earth to Jupiter. (Right) Corresponding spread in trajectory directions associated with 
varying the launch C3. 


2030, optimized for short Earth-Jupiter transit times. The high C3 requirement is met by minimizing 
spacecraft mass and optimizing the upper-stage configuration on NASA’s SLS Block 2B. Analyses 
were performed on both passive Jupiter flybys and powered Jupiter flybys. These analyses deliver 
a solution space that can quickly adjust mission fly-out speeds for different launch vehicle config- 
urations, by tying fly-out speed directly to launch C3. 


To consider the direct Earth-to-Jupiter transit opportunities in the time period of interest, an initial 
survey of patched-conic trajectories was performed between Earth and Jupiter by solving Lam- 
bert’s problem. This leads to a derivation of the outgoing Earth departure energy and approach 
velocity conditions at Jupiter, with the assumptions of two-body mechanics (Figure 7-6). 


7.2.2. Powered Jupiter Flyby (Option 2) 


Increased heliocentric escape velocity can potentially be realized through a propulsive maneuver 
at Jupiter. The inclusion of the mass of the kick stage will increase the payload weight launched 
from Earth, reducing launch C3 for a given launch configuration and reducing the incoming velocity 
at Jupiter. But analyses to date show that a perijove propulsive maneuver has greater positive 
impact on heliocentric escape velocity than the negative impact of the reduced launch C3. 


This analysis considered a number of existing, flight-proven kick stages (discussed below). The gen- 
eral criteria for kick-stage selection are relatively high performance with relatively low mass and 
overall volume that still fits in the launch vehicle payload fairing. A good example for analysis pur- 
poses is the solid rocket Star 48BV motor in a stage configuration, with relatively high specific 
impulse and high propellant mass fraction. 
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Similar to the passive flyby trajectory results above, the powered flyby trajectories progress from 
Earth to Jupiter on essentially the same type of transits. The departure launch energy is smaller 
for these trajectories given the addition of the kick-stage mass to the separated payload system 
weight (PSW). However, the same process is followed, parameterizing the launch-energy C3 across 
a range of input values to produce variability curves for heliocentric escape velocity across a Jupi- 
ter orbit of the Sun. Because of the variation in imparted AV from the kick stage based on the 
payload mass, a series of results is created for the powered flyby trajectories based on a range of 
assumed payload mass sizes. 


As with the passive Jupiter flyby cases, iterative trajectory calculations can be used to optimize the 
heliocentric escape velocity after the powered Jupiter flyby. In this analysis, the kick stage is fired 
impulsively at the periapse of the Jupiter flyby, and the imparted AV is based on the nominal stage 
performance characteristics and the given wet payload mass. An example of the performance us- 
ing the Star 48BV kick-stage configuration is shown in Figure 7-7. 


7.2.3. Solar Oberth Maneuver (Option 3) 


The components and considerations discussed so far apply to the prograde Jupiter flyby Options 1 
and 2. To consider Option 3, the Oberth maneuver, we first need to take up the subject of thermal 
shields—the thermal protection system (TPS)—and the associated mechanical mounting struc- 
ture—the thermal structure assembly (TSA) —and the reality of taking a spacecraft very, very close 
to the Sun. Oberth pointed out in 1929 that the most rapid escape from the solar system could be 
effected by a powered spacecraft maneuver deep in the Sun’s gravity well by a spacecraft that 
falls toward the Sun from a large distance (Oberth, 1970). A rough estimate of the effectiveness 
of such a maneuver can be estimated from conservation of energy by a spacecraft initially at infi- 
nite separation and negligibly small angular momentum as 


1 


1 (Rs\4 
Vesc ¥ esc,0 — (2Vsun AV )2 (=) 


Tp 


1 (sym 
= 35.14(AV [])? 


Ss 


1/4 
= 7.413 (av pe) (=) au/yr, 


where /p is the perihelion distance, Rs is the radius of the Sun, AV is the propulsive speed increment 
(applied at perihelion and in the direction of motion), Vsun = 617.6km/s is the escape speed from 
the visible “surface” of the Sun, and Vesc is the asymptotic escape speed from the Sun, with the 
subscript “O” denoting the approximate relation. See also section 11.1.3. 


One problem (of several) is the need to shield appropriately both the spacecraft and the propul- 
sion system from the thermal environment of the Sun, with the mass of any such shield increasing 
with decreasing distance to the Sun, as the distance to the Sun decreases and the finite solid angle 
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it subtends in the sky as viewed from the spacecraft assembly increases. To maximize the effect 
of the burn, it must be applied as close to perihelion as possible and at high thrust over a short 
(preferably minutes) period of time to minimize gravitational losses. 


After many years of research and development, materials and concepts were developed (Potocki 
et al., 2006) to enable the Parker Solar Probe to approach a perihelion distance (from the center 
of the Sun) of 9.86 Rs. Given the specific impulse (/so) (Greenwood, 1975) of solid rocket fuel, a 
simple, solid kick stage might provide ~3 km/s for AV. At the eventual perihelion of Parker Solar 
Probe, this would provide V = 7.25 au/year, about twice the current escape speed of Voyager 1, 
the fastest object ever to leave the solar system. 


The question is whether such a maneuver can be better exploited. Rough estimates suggest that 
for such a maneuver to be efficacious, the spacecraft perihelion must at least be as small as 5 Rs; 
as we Shall show, perihelia less than ~3 Rs are problematic. Oberth had postulated a probe speed 
at perihelion of 500 km/s, a AV of 5 km/s, and a resulting exit from the solar system at 70.9 km/s or 
~15 au/year. He noted the need to bring the craft “to the edge of the solar corona,” and a perihelion 
speed of 500 km/s corresponds to a closest approach of ~1.5 Rs (R. L. McNutt et al., 2019). 


This study included the analysis of several different configurations of spacecraft, kick stage, and 
thermal shield through this solar Oberth maneuver, using the form and initial mass (478.3 kg) of 
the New Horizons spacecraft as a starting point. The thermal shield, based on the Parker Solar Probe 
material and further analyses, was sized to protect the spacecraft and the kick stage across a range 
of perihelion distances and several kick stages (see Figure 7-14—Figure 7-17 in section 7.3.3).* The 
estimated mass of the shield was included in the overall performance estimate, and the results for 
these configurations are shown in Figure 7-8. A 4-solar-radii flyby of the Sun, firing a CASTOR 30XL 
engine, could apparently accelerate a New Horizons-scale spacecraft to >12.5 au/year. This speed 
can be achieved across an entire Jupiter orbit with small variation, giving the mission planners the 
opportunity to explore in whichever direction the science consensus leads. 


However, one must carefully consider the aspects of all parts of the system. The three largest kick 
stages provide too massive a stack mass for the SLS to launch directly to Jupiter. The use of an 
Orion 50XL (or a Star 48GXV, not considered in this first iteration) may be possible from a mass 
viewpoint, but only for a New Horizons mass or less massive spacecraft, and this is still before a 
careful study of attitude control requirements during the burn. 


3 The Parker Solar Probe TPS is designed to withstand a temperature of 1400°C = 1673 K at a perihelion of 9.86 Rs. 
For a flat shield normal to the Sun direction, the temperature scales as the inverse square root of the perihelion dis- 
tance from the Sun’s center. Hence, that design would see a temperature of 4253 K or 3980°C and would not sur- 
vive at that closer distance. Of the ultra-high-temperature ceramics, hafnium carbide (HfC) melts at 3958°C 
(Wikipedia, 2020d), and of the metals, tungsten melts at ~3400°C (EngineeringToolBox, 2005). Such investigations 
are also relevant to research into practical hypersonic flight (Cedillos-Barraza et al., 2016). 
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Figure 7-8. (Left) A powered-solar Oberth maneuver can, in principle, greatly accelerate the escape speed 
of a spacecraft from the solar system. The variation over the course of a Jupiter year is present but small. 
However, although these performance numbers take into account some initial mass estimates for the re- 
quired thermal shield, they do not take into account the lift capability of the SLS. In particular, the appar- 
ently “best-performing” kick-stage cases are too heavy (even for the SLS!) to fly “Jupiter-direct” trajecto- 
ries. (Right) A notional trajectory is shown here for a CASTOR 30XL kick stage. Note that while for the JGAs 
(passive and powered), the asymptotic fly-out direction is ~90° more in ecliptic longitude than the location 
of Jupiter at the gravity assist, the asymptotic fly-out longitude for the solar Oberth maneuver is toward 
an ecliptic longitude that is somewhat less than that of Jupiter for the precursor, and required, reverse JGA 
flyby. Hence, for a fixed ecliptic longitude “target,” there is no “simple” switching back and forth of the 
selected architecture approach over the course of an ~12-year Jupiter orbit around the Sun. 


A more detailed study of Option 3 possibilities is currently scheduled for a late-2020/early-2021 
time frame once the spacecraft concept has matured past a New Horizons “model.” Nonetheless, 
this first look has “set the stage” for more detailed consideration of its implementation issues. 


7.3. Launch Configuration Trade Study 


7.3.1. Engineering Ground Rules and Constraints 


NASA’s SLS is currently planned to serve as the heavy-lift vehicle for enabling humanity’s return 
from low Earth orbit (LEO) to the surface of our Moon. However, its capacity for launching massive 
payloads is also enabling for very high-C3 missions (Creech et al., 2019). The SLS Spacecraft/Pay- 
load Integration and Evolution Office (SPIE) at the Marshall Space Flight Center (MSFC) analyzed 
multiple upper-stage options mounted on the SLS Block 2 first and second stages. For the 2030s, 
the selected (appropriate) configuration studied was the SLS Block 2 (Figure 7-9).* A number of 


4 At the beginning of this study, the designation of the baseline configuration tested was designated SLS Block 1B+ 
(B1B+). With a launch aim-point of no earlier than 2030, the Block 1B was envisioned to be extended via an upgrade 
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Figure 7-9. Multiple SLS variants were explored (Creech, 2019; Creech et al., 2019). 


existing in-space propulsion systems were considered as third and fourth stages, firing in sequence 
as the spacecraft departed Earth. Initial estimates before the current study showed a considerably 
high C3 could be achieved with SLS (Ralph L. McNutt, Jr. et al., 2014; Ralph L. McNutt, Jr., Benson, 
et al., 2015). At the beginning of the current study, as the analysis effort shifted to MSFC and the 
SLS design matured, the trend indicated by the initial calculations was confirmed. 


The curves in Figure 7-10 show the initially calculated C3 capability of SLS by MSFC with various 
upper stages across a range of spacecraft masses (performance data have been provided incre- 
mentally by the SLS program). The initial performance data, shown here, are from September 2018. 
Performance for this current study was finalized in December 2019 (Stough et al., 2019).? The SLS 


of the solid boosters called the Booster Obsolescence Life Extension (BOLE). As the SLS design has matured, it became 
apparent that this configuration would already have the performance originally denoted by the designation “Block 2” 
(B2). Thus, by the end of 2019, the designation B1B+ had been replaced by B2. Hence, there has been an evolution of 
the notation over the initial course of this study conducted in conjunction with MSFC. 

° After informal conversations in late July 2017 and at the subsequent International Astronautical Congress (IAC) in 
Adelaide, Australia, contacts were renewed with personnel at MSFC in mid-2018 after the initiation of funding on this 
project. MSFC made available some initial scoping runs (“v6”) on 21 August 2018. A series of technical interchange 
meetings led to various iterations in parallel with evolution of SLS plans and predicted performance at MSFC. “v7” was 
made available on 7 September 2018 (including a new Manager’s Reserve strategy); “v7.1” was made available 
(providing some corrections) on 14 September 2018; “v8,” including a variety of baseline updates (as the SLS design 
performance evolved), was made available almost a year later on 22 August 2019; “v10” with most of the other re- 
quested configurations (Centaur D with fourth-stage runs still to be computed) was made available on 15 November 
2019; and “v11,” including the Centaur D runs, was made available on 19 November 2019. An updated supplement 
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Figure 7-10. Initial calculated performance of the then SLS Block 1B+ launch vehicle by MSFC with an 
initial assortment of upper stages made in September 2018, soon after the start of the current effort. 


program quotes vehicle performance relative to simulated trajectories using detailed models, low- 
performing vehicle characteristics, and manager’s performance margin being withheld to ensure 
the quoted performance is achievable. New Horizons, at a C3 of 157.7501 km?/s? and a spacecraft 
mass of 478.3 kg, had the fastest Earth-escape velocity of any mission to date (Guo & Farquhar, 
2008).° Had New Horizons been launched on SLS, characteristic energies >280 km?/s* would have 
been achievable. This large energy is enabling for a mission to the interstellar medium. 


for the information summary was received on 4 December (dated 3 December) 2019 at about the time of the fall 
2019 meeting of the American Geophysical Union (AGU). 3 December materials were made available for public release 
on 30 June 2020. 1B BOLE (Booster Obsolescence Life Extension program), previously also known as Block 1B+, is now 
formally renamed as Block 2 in light of new, upgraded performance metrics (as the design performance has evolved). 
The performance curves of Figure 7-10 are from “v6,” and those of Figure 7-6 and Figure 7-7 made use of calculations 
provided by personnel at Kennedy Space Center in July 2016, before this current (and funded) effort. 

5 With the possible—and disputed—exception (if one wants to call it a “mission”) of the “manhole cover” (reportedly 
~900 kg) used in the Pascal B nuclear weapons test of Operation Plumbob at the Nevada Test Site (NTS) on 27 August 
1957. The estimated speed at the surface was five to six times Earth escape speed (i.e., “60 km/s) (Brownlee, 2002; 
Hall, 2018; Harrington, 2016).The test is reportedly one of the motivations for the full-up investigation of nuclear- 
pulse propulsion (Dyson, 2002). 
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The basic exercise of stacking various stages and computing the relative velocities achieved for a 
range of various spacecraft-separated mass values, using the standard rocket equation, has been 
performed numerous times for decades. The earliest analyses (e.g., Boelter et al., 1959; Coleman, 
1961; Goldsmith, 1957; Malina & Summerfield, 1947) focused on optimization of stages in general. 
With the rapid development of the astronautics industry, fairly standard stages have been devel- 
oped, which can, in turn, be called on to approximate optimal performance. Truly “optimized” 
custom stages are, in general, not practical because of the costs of design, fabrication, and verifi- 
cation for “one-off” applications. There are, nonetheless, a wide, albeit finite, number of stage 
designs from which to choose (Ralph L. McNutt, Jr. & Vernon, 2016). Energy-based solutions are 
often applied for these studies, yielding order-of-magnitude solutions very quickly. These ap- 
proaches often lend themselves to “spreadsheet”-based solutions with one to a very few trajec- 
tories assumed. Unfortunately, mission integration and flight experience gained on APL’s very- 
high-characteristic-energy missions (New Horizons and Parker Solar Probe, with launch C3s of 
157.7501 km?/s* (Guo & Farquhar, 2008) and 152.42 km2/s?, respectively) has demonstrated that 
this unique class of very-high-launch-energy missions is extremely sensitive to the effects of para- 
sitic masses as well as their physical locations on the launch stack for these systems. This Interstel- 
lar Probe study has considered these parasitic mass impacts specifically related to the subsystems 
required to achieve very-high-launch-energy missions. Irrespective of trajectories and other orbit- 
related studies, this Interstellar Probe study has applied several “engineering-based” ground rules 
to the launch stack configurations considered. The general engineering ground rules applied are 
summarized in Table 7-1. 


Table 7-1. Motor/Stage Ground Rules 


# Characteristic Ground Rules Exceptions 
: : : Shuttle/Centaur 
Motor or Stage Production | Motors and/or stage systems shall be in current production and/or j 
1 : : . ; exempted from 
Status funded for development for a first flight in the 2020s time frame. : 
production status 
F The Interstellar Probe study shall limit propulsion system technologies to . 
Propulsion System Tech- : ia : ie i . shes 2 7 No exceptions 

2 : systems currently in production and/or funded for a first flight in the ‘ = 
nology Maturity Level . dentified 

2020s time frame. 

3 Fairing Volumetric Con- The configurations studied shall be volumetrically limited to the SLS 62- No exceptions 
straints foot design. identified 

: Interstellar Probe shall identify and provide mass allocations/estimates for . 
Adaptors and Separation : : : : No exceptions 
4 all required adaptors and separation systems for each configuration stud- | . ie 
Systems : dentified 
ied. 
ae : Interstellar Probe shall identify and provide mass allocations/estimates for : 
Avionics, Harness, Guid- eect P : No exceptions 

5 avionics, harness, and guidance and control systems for each configura- ' og 
ance and Control Systems |. : dentified 

tion studied. 

6 Special Cooling Systems, Interstellar Probe shall identify and provide mass estimates where ther- No exceptions 
Thermal Shields, etc. mal shields or special cooling systems are required for each configuration. | identified 
Spacecraft Separated The Interstellar Probe study shall assume the final, spacecraft separated : 

: . oe : No exceptions 

7 | Mass and Volume Con- mass will be 478 kg and volumetrically similar to the New Horizons space- identified 
straints craft. 
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7.3.2. The Ground Rules 


Several of the ground rules applied were designed to ensure the study considered basic engineer- 
ing principles deemed critically necessary for very-high-launch-energy, stacked, launch-vehicle- 
performance estimates. To limit the scope of the study and still produce results that could be easily 
compared against one another, the constraints of Table 7-1 were applied. The rationales applied 
are as follows: 


1. For Ground Rules #1 and #2, the study intentionally limited the systems studied and the 
propulsion technologies considered to systems and components currently in production 
or funded with emerging first flights (currently) planned in the 2020s. 


2. Ground Rule #3, the fairing volume and physical size constraint, was applied to set an upper 
limit to ensure that the configurations are achievable in practice with current facilities and 
plans. Other fairings may be possible, but this constraint ensures an architecture will close. 


3. Launch system engineering experience gained with the development of launch systems for 
NASA’s New Horizons and Parker Solar Probe missions has demonstrated that one must 
also recognize and allocate mass and physical locations on the stack for mission-unique 
systems and/or hardware required by one particular trajectory versus another, as noted in 
Ground Rules #4, #5, and #6. 


4. Ground Rule #7 (spacecraft physical size) was set as a constant to normalize the C3 and/or 
AV results across the 31 launch system stack configurations studied. 


7.3.3. Launch System Engineering and Staging and the Methodology Applied 


Fairly reliable and consistent data are often readily available for most, if not all, solid rocket motors 
and solid-motor stage systems currently in production. For example, manufacturers of solid mo- 
tors that have flown or have been ground tested usually will advertise the most basic information 
for inclusion in performance studies. Values for specific impulse (/sp) and loaded and dry mass (kil- 
ograms) are generally available for motors when considered as components versus systems or 
stage systems. Corresponding liquid-stage data were more challenging to find to identify critical 
values needed to perform performance estimates. There are a variety of reasons for this, including 
protection of proprietary data, differing fuel loads used for various missions and trajectories, mis- 
sion-unique modifications used, cryogenic depletion rates, as well as many other interrelated de- 
pendencies. The “laundry list” of very-high-launch-energy missions, specifically where the liquid 
upper stages are pressed to their performance limits, is actually quite small in practice. Thus, a 
systems engineering approach is required to ensure the launch-energy estimates produced are 
not overly optimistic and remain achievable with current technology as defined within the con- 
straints of the ground rules applied. Furthermore, emerging systems such as the United Launch 
Alliance (ULA) Advanced Cryogenic Evolved Stage (ACES), the Blue Origin two- or three-stage ve- 
hicle, the ULA Centaur V, and the European Service Module (Orion propulsion module) are still in 
development, and securing reliable values can be problematic, with significant margin holdbacks 
assumed until the first flights are completed. Many funded emerging systems and their respective 
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performance values for “stand-alone” systems are usually reluctantly offered and manufacturers 
of “systems” prefer to deliver the “package” versus the individual component performance pa- 
rameters. All of these issues are to be expected and simply reflect market (and marketing) realities. 
Nonetheless, this Interstellar Probe study effort has been able to secure the required performance 
values from almost all manufacturers. 


7.3.3.1. Ground Rules #1 and #2 


Table 7-2 provides a summary of the stages studied to date. Hence, these stages along with the 
SLS Block 1B and Block 2 follow from the application of Ground Rule #1 and Ground Rule #2. 


Table 7-2. Stage and Motor Systems Considered 


# Stage/Motor Type Propellant Current Production Status Manufacturer 

1 | Star 48BV Solid Motor Solid In production Northrop Grumman 
2 |Star 48 GXV Solid Motor Solid Completed one successful static fire test Northrop Grumman 
3 | Orion 50 XL Solid Motor Solid In production Northrop Grumman 
4 | CASTOR 30B Solid Motor Solid In production Northrop Grumman 
5 | CASTOR 30XL Solid Motor Solid In production Northrop Grumman 
6 oe ney Liquid Stage LH2/LO>2 engineering ssl eae Dee United Launch Alliance 
7 | ACES Liquid Stage LH2/LO>2 In development United Launch Alliance 
8 | Atlas V/Centaur 3 Liquid Stage LH2/LO2 In production United Launch Alliance 
9 | ICPS (SLS) Liquid Stage LH2/LO>2 In production United Launch Alliance 
10 | Vulcan/Centaur V Liquid Stage LH2/LO2 In development United Launch Alliance 
1 eae Liquid Stage | MON/MMH Awaiting first flight Airbus 


Launch vehicle systems considered to date (cutoff of 30 September 2019) in the study are listed 
in Table 7-3. 


Table 7-3. “Core” Launch Vehicle Systems Considered 


Identifier # Stages Current Production Status Manufacturer 
Space Launch System (SLS) Block 1B 2 In development NASA 
New Glenn 2 In development Blue Origin 
New Glenn 3 In development Blue Origin 
Delta IV Heavy 2 In production United Launch Alliance 
Falcon Heavy 2 In production SpaceX 


A ground rule, not specifically identified and labeled as such, but “derived” from the “realistic and 
achievable” theme of the study, was to also consider the launch services acquisition cycle for high- 
value-science flagship-class missions as part of our study constraints applied. Not only should a 
candidate launch vehicle and stage “system” be advertised and believed to exist by a certain date, 
but one simply must be able to procure such a system as well to meet NASA standards for a rea- 
sonable number of successful flights and other constraints applied. The 30- to 36-month launch 
service acquisition and/or build cycle typically applied to NASA spacecraft development projects 
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was applied to “realistic solutions” for the selection of various propulsion technologies studied.’ 
Thus, nuclear rockets, solar sails, laser propulsion, “warp drives,” and other exotic systems were 
not considered because they were “out of scope” for the time frame under consideration. The 
NASA SLS Block 1B system development and current manifest and funding schedule, coupled to 
its advertised launch-energy performance and volumetric fairing availability, appear to have met 
these criteria for now with a manifest and target dates funded and mandated by Congress. 


7.3.3.2. Ground Rule #7 


Proceeding to explain the application of Ground Rule #7 (out of chronological order of the ground 
rules applied), this rule (spacecraft-separated mass value) is a significant study-controlling rule 
whose application flows into staff hours and costs for a real flight system, and thus is discussed 
first. This rule was applied to all launch vehicle systems studied.® We note the rationale for select- 
ing a single, spacecraft-separated mass value to study is significant. Performance analyses per- 
formed in previous Parker Solar Probe and New Horizons studies for these very-high-launch-en- 
ergy missions have demonstrated that there are very clear “sweet spots” for stage stacking. These 
“sweet spots” are typically neither obvious nor intuitive. To achieve consistent and easily under- 
stood results across an almost infinite combination of trajectories and stack configurations, the 
study team concluded that by holding a fixed, spacecraft-separated mass across this initial study, 
the results developed would be consistent and could be understood easily and compared with a 
minimal number of caveats. The team assumed that one single stack combination and/or a family 
of solutions would then emerge, and the team then would be well prepared to vary other param- 
eters such as spacecraft-separated mass, or to tailor solutions based on the conditions presented 
at a later date. With the separated-spacecraft mass target value set to “500 kg, preliminary Earth- 
escape missions were first examined for the current vehicles that are in production. 


Quick looks at the two largest domestic vehicles currently existing, the Delta IV Heavy and the 
Falcon Heavy, yielded only incremental increases in predicted C3 for the notional Interstellar Probe 
spacecraft mass and mission, as compared with that of Parker Solar Probe, which achieved a C3 of 
152.42 km?/s* and used a Star 48BV “kick stage” (entry 1 of Table 7-2). When studied, these two 
candidate vehicles simply did not offer solutions that were sufficiently energetic to satisfy a desir- 
able C3 launch-energy requirement of no less than 300-400 km?/s?, which, averaged over a Jupiter 
sidereal year, corresponds to asymptotic escape speeds from the Sun of ~7.4 to 8.4 au/year for 
a passive JGA (Option 1). Figure 7-11 depicts the NASA National Launch Service II (NLS-II) perfor- 
mance curves currently advertised (30 September 2019) for the Heavy vehicles in that database 
(Atlas, Falcon Heavy, and Delta IV Heavy). 


This study leveraged early Parker Solar Probe stacking studies that demonstrated that the 
Star 48BV upper stage is the most efficient very-high-launch-energy choice in this range of sepa- 
rated spacecraft masses and these available launch vehicles. For reference, Parker Solar Probe 


7 We note that the recent report on the SLS from the Office of the Inspector General (NASA) notes a 50-month cur- 
rent procurement cycle for the SLS “core” stage (Martin, 2018). 
8 The rationale for arriving at the mass bogy value of ~500 kg is explained elsewhere. 
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Figure 7-11. Performance comparisons for the “heavy” U.S. launch vehicles currently (as of 30 September 
2019) in production. Note all curves depict only two-stage performance, and all will show better perfor- 
mance with additional upper stages. However, such additions will not affect the trends significantly. For 
high C3 (>100 km2/s2) performance, the Delta IV Heavy and its all-LOX/LH2 stages outperforms all other 
vehicles. The cut in Falcon Heavy performance for the “recovery” versus “expendable” mode is also 
clearly apparent. 


advertised a not-to-exceed (NTE) spacecraft-separated design mass of 675 kg with a launch-energy 
requirement set at 154 km2/s?. After a brief review of Delta and Falcon Heavy vehicles, the Inter- 
stellar Probe study team quickly recognized that the significant SLS launch mass capability could 
be expected to provide some interesting options to explore. With its tremendous projected lift 
capability, the SLS Block 1B provided significant opportunities to incorporate stages/motors above 
and beyond Falcon and Delta IV Heavy vehicles. The capability potentially could achieve launch 
energies in the >300 km?/s* range. Although the actual performance estimates will be discussed 
later, Figure 7-12 and Figure 7-13 depict several crude, quick-look comparisons that surfaced very 
early in these considerations (July 2016). Although lacking in precision, these preliminary estimates 
clearly justified the decision to involve MSFC and investigate the SLS as a priority over the other 
existing core vehicle systems available. It should be noted that these analyses were performed 
several years ago while the SLS performance characteristics were still evolving. As a result, the 
detailed numbers achievable with the current design will differ from those depicted here. How- 
ever, the relative performance of the various staging approaches remains a good indicator of what 
could be achieved. 
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Figure 7-12. Preliminary launch-energy estimate curves. The black horizontal line indicates a separated 
spacecraft mass of 500 kg. 
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Figure 7-13. Same data as in Figure 7-12 but plotted on a semilog scale. This presentation provides better 
visual performance trending for the high C3s available near the various performance cutoffs. 
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The least-effective performance in these calculations is for a Star 48BV on a Delta IV Heavy (aqua 
curve to the far left). All other launch stack configurations were based on performance numbers 
for the SLS Block 1B as available at the time from NASA’s Launch Services Program in July 2016 
using a simplified set of calculations. (Subsequent data obtained directly from the SLS program are 
of higher fidelity.) The next best performance is for a Star 48BV only. The red curve is for a Centaur 
V1 onan SLS Block 1B only; all other complete curves are based on the same simplified algorithms 
assuming an SLS Block 1B plus an intermediate third stage, plus a Star 48BV fourth stage (to which 
the final spacecraft is attached). Increasing performance (shift of the basic curve to the left) is 
provided by using the following for the intermediate (third) stage, in increasing order of perfor- 
mance: (1) PAM-D2 (stage for geosynchronous transfer orbit [GTO] from Shuttle cargo based on 
Star 63D motor); (2) CASTOR 30XL; (3) Briz-M (Russian liquid upper stage for Proton manufactured 
by Khrunichev State Research and Production Space Center; the S5.98M engine has a specific im- 
pulse of 326seconds using nitrogen tetroxide [NTO] and unsymmetrical dimethyl hydrazine 
[UMDH] (Wikipedia, 2018a)); (4) Fregat-MT (Russian liquid upper stage for Soyuz manufactured 
by NPO Lavochkin; the $5.92 engine has a specific impulse of 333.2 seconds using NTO and UDMH) 
(Wikipedia, 2018b); (5) ICPS (“standard” second stage for the SLS Block 1); and (6) Centaur V1 (sin- 
gle-engine, second-stage variant for the Atlas V). Comparison of the red and green curves shows 
how the performance of a Centaur third stage is “stretched” by the inclusion of a Star 48BV fourth 
stage. The partial orange curve shows the decrease in performance with the CASTOR 30XL indi- 
cated by a more detailed calculation (compare with blue curve). Note that the “break” in the ex- 
ponential decay of capability occurs once the payload mass is about the burnout mass of the top 
powered stage. The various stage combinations discussed are to illustrate technical trades only; 
actual implementation of some of the combinations, especially from non-U.S. vendors, might not 
prove possible for nontechnical reasons. 


In general, it is worth noting that the quasi-exponentially decaying trendline indicates the upper 
envelope of what might be obtained by increasing the number of stages in an optimized fashion. 


As noted, the methodology applied to the stacking of stages must ensure that particular attention 
is paid to parasitic mass impacts on performance. Basically, assembling an optimized stage stack 
combination with existing flight-proven (or nearly so) hardware is a “Goldilocks problem”: the 
technical characteristics must be “just right” while adhering as closely as possible to existing, and 
preferably flight-proven, hardware, to minimize project cost. 


7.3.3.3. Ground Rule #3 


Returning to the original order of the ground rules, Ground Rule #3 led to the SLS 8.4-m, short 
(8.4-m-diameter, 19.1-m-long) fairing. This choice intentionally limits the volume space for stack- 
ing and thus sets an upper “physical” limit on stage choices. The choice of this particular fairing 
(and accompanying ground rule) was recommended by MSFC staff to ensure compatibility with 
(1) the SLS planned ground processing and (2) the currently available NASA payload processing 
facilities at the NASA Kennedy Space Center (KSC) launch site. The selection of the SLS Block 1B 
8.4-m short fairing with 62.7-foot (19.1-m) fairing length is dictated by the overhead crane hook 
height available in the processing facilities at KSC. Corresponding mechanical layouts are shown 


7-29 


INTEFSTELLAS 


PROBE 


NASA Task Order NNNO6AA01C 


below after introducing more of the “ground rule” constraints. (Alternative approaches may be 
available by time of flight, but this ground rule ensures approach availability at time of flight.) 


One of the most significant differences between this approach to Interstellar Probe and other 
NASA scientific spacecraft is the addition of multiple kick stages required to accommodate a rapid 
escape from the Sun’s gravity field. Although the approach has been to pursue existing or near- 
existing stages, the implementation requires more attention to be paid up front to staging consid- 
erations than is typical on robotic, scientific missions. 


The exercise of stacking stages as applied to this study included performing representative me- 
chanical layouts of each of the configurations considered. Included in the exercise of performing 
these layouts was the identification of the “available” volume space for the candidate spacecraft, 
associated stages, and other hardware. 


As a starting point, the candidate spacecraft was taken to be New Horizons. An actual spacecraft 
is the subject of future design and optimization studies, of course, but with a wet mass of ~500 kg 
as per the initial scoping studies (New Horizons had a wet mass at launch of 478.3 kg), a radioiso- 
tope power supply (New Horizons used the F-8 general-purpose heat source [GPHS] radioisotope 
thermoelectric generator [RTG] (Bennett et al., 2006; Cockfield, 2006)), a 2.1-m-diameter high- 
gain antenna (HGA), and structural integrity to comply with the loads from a Star 48B kick stage, 
New Horizons provided a good initial “model” for the spacecraft. As with Parker Solar Probe, the 
use of New Horizons as a “model” enabled leveraging of the flight drawings and derivative flight 
experience available at APL (Fountain et al., 2008). The available payload volume was derived from 
each configuration studied; the layouts included the representative adaptors and separation sys- 
tems. Configurations that did not allow sufficient volume or height to accommodate a “New Hori- 
zons”-class spacecraft and payload were eliminated from the trade space. Actual accommodation 
of a payload will, of course, follow from future studies by a Science Definition Team (SDT) should 
a decision be made to pursue a particular strawman payload. However, New Horizons was again 
seen as a good, conservative starting place because the payload fractions for deep-space space- 
craft are all relatively the same, and the “1-W/kg” rule for scientific instruments also tends to be 
a good starting point for scoping studies (R. L. McNutt, 2010). 


7.3.3.4. Ground Rule #4 


Engineering Ground Rule #4 requires allocations to be generated for all staging system adaptors 
and separation systems. The project elected to take several paths to produce these estimates for 
the various configurations. In most cases, these hardware systems did not exist, yet a realistic and 
achievable goal for mass was required. NASA SLS employed the Advanced Concepts Office (ACO) 
to generate estimated masses for the stage adaptors interfacing various upper stages. The adap- 
tors are sized assuming a maximum payload on top of the last stage of 10 metric tons (mt) such 
that the analysis was simplified. The adaptors consist of two interface rings with composite face 
sheets and an aluminum honeycomb core. The composite structure sizing is consistent with NASA 
CR-1457 (Sullins et al., 1969) and NASA SP-8007 (Peterson et al., 1968). After the basic mass of 
each adaptor is estimated, 18% of mass growth allowance (MGA) is added. For other cases, for 
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which the adaptor/separation system existed, the existing systems were roughly evaluated for 
suitability (loads, interface features, etc.), and the allocations for mass were made. In several 
unique cases, for which sufficient data or tools did not exist, the adaptor/separation system mass 
value was developed by similarity and/or rules of thumb, dependent in all cases on the loads sup- 
ported above the hardware systems. 


7.3.3.5. Ground Rule #5 


Referring to study Ground Rule #5, which refers to mass allocations for avionics, the associated 
wiring harness and avionics must be allocated and factored into the performance estimates. The 
methodology applied varied with the stacking. In cases in which the “final” or “upper stage” was a 
Star 48BV-based stage, the approach was based on the New Horizons and Parker Solar Probe ex- 
periences: an independent and separate “smart/guided stage” was a requirement to ensure injec- 
tion accuracy and control were “in family” with high-C3 missions. In cases of existing stage systems 
(Centaur, etc.), dry mass values carried mass set-asides for power, avionics, guidance and control 
(G&C), etc. These mass values were retained with the stage intact, in addition to the “upper stage” 
system. In cases in which a “solid motor” was devoid of “smart stage” components, the study 
added an avionics package mass allocation to the system where appropriate to control the stack. 


7.3.3.6. Ground Rule #6 


Ground Rule #6 required mass allocations to be produced and levied on performance estimates 
to identify mission-unique requirements primarily driven by a given trajectory. Two specific classes 
of parasitic mass allocations driven strictly by the trajectories chosen are the Oberth maneuver 
performed in close proximity to the Sun (“Option 3”) and the powered solid motor firing near 
Jupiter (“Option 2”). For Option 3, thermal shield mass estimates were generated for each config- 
uration studied and for each close approach to the Sun at closest passes of 3 Rs, 4 Rs, and 5 Rs. 
Figure 7-14—Figure 7-17 depict several physical configurations for shields that formed the geomet- 
ric basis for the shield masses produced for these three cases and various kick stages. Note that 
each “stack” configuration and closest approach required a unique mass estimate to be produced 
to evaluate the mission-design performance. 


Figure 7-14. Star 48BV stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), and 5 Rs (right). 
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Figure 7-17. Orion 50XL stack with thermal shield for perihelia of 3 Rs (left), 4 Rs (center), and 5 Rs (right). 
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Several other trajectories analyzed suggested that a solid motor, carried during cruise and ignited 
well after launch in the vicinity of Jupiter, denoted as Option 2, offered interesting performance. 
In these cases, mass and power estimates were produced, based on Parker Solar Probe and Mars 
Science Laboratory (also known as Curiosity) hardware and systems, such that waste heat from 
the GPHS RTG would be harvested during cruise to provide a stable temperature environment for 
the solid motor up to the ignition point in the mission. 


For a few of the selected trajectories studied, for which a solid motor is stored in space during the 
cruise phase before ignition, previous studies and solid-motor, long-term storage tests and evalua- 
tions (Hamlyn et al., 1991) have shown temperature control is required to ensure thermal cycles 
are minimized in both quantity and severity of the temperature swings. Additionally, studies and 
solid-motor flight experience have demonstrated that motor gradients should be minimal (2—3°C) 
in order to provide predictable performance. 


7.3.4. Stage and Motor Technical Data Summary 


Various sources were consulted (literature, vendor catalogs, etc.) to assemble a relevant database 
corresponding to the stage and motor systems listed in Table 7-2. This provided a basis for evalu- 
ating volume constraints, calculating thermal protection shield envelopes for the “Option 3” con- 
figuration, and evaluating stack-system performance. While numbers for systems in production 
are readily available, values for many of the parameters of systems in development are estimates 
or not available due to proprietary concerns. 


7.3.5. Summary of Launch Vehicle Configurations Studied 


Building on the mission-design options and the various staging possibilities, we identified 
31 launch system configurations for further evaluation and potential further consideration as po- 
tential spacecraft detailed designs deviate from the New Horizons characteristics assumed for this 
initial baseline study.? Each configuration studied was assigned a unique configuration number 
and configuration name. Each was then coupled to the applicable trajectory for which the vehicle 
configuration could be flown in order to estimate performance. A comprehensive evaluation re- 
mains a work in progress, although some general conclusions can be drawn. 31 system configura- 
tions have been identified to date (30 September 2019) along with their identifying characteristics. 
Figure 7-18—Figure 7-23 display six of the nine corresponding physical layouts performed by MSFC 
staff for the SLS configurations through 30 September 2019.?° 


° In the following year, the count was reduced to 22 without loss of generality after identification and elimination of 
what were, effectively, duplicate entries. 
1° More details were given already in footnote 4. 


7-33 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


Figure 7-18. SLS-1 configuration: Atlas Centaur/48BV with SLS 8.4-m short fairing. 


Figure 7-19. SLS-2 configuration: CASTOR 30XL with SLS 8.4-m short fairing. 


Figure 7-20. SLS-3 configuration: CASTOR 30XL/48BV with SLS 8.4-m short fairing. 
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Figure 7-21. SLS-8 configuration: ICPS with SLS 8.4-m short fairing. 


Figure 7-22. SLS-9 configuration: ACES with SLS 8.4-m short fairing. 


Figure 7-23. SLS-7 configuration: Centaur D with a thermal shield configured for 3 Rs perihelion. N.B. 
This is not a flyable design, for the following reasons: (1) It is too massive to launch directly to Jupiter on 
an SLS, (2) cryogenic propellants cannot be stored for cruise or especially for transport to 3 Rs from the 
center of the Sun, and (3) this “design” includes no means for maintaining a required attitude for the 
perihelion burn as the offset solar radiation pressure acts asymmetrically against the rapidly changing 
center of gravity of the assembly during the burn. 
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7.3.6. Interstellar Probe Launch System Development — Notional Schedule 


We have performed a brief review of the Parker Solar Probe launch system development history 
and drafted a notional (and parallel) Interstellar Probe launch system development schedule. The 
Parker Solar Probe launch system development schedule actually began well before the project 
Phase “A” start date as part of “Pre-Phase A” studies. The system development effort started 
~11 years before launch," and the engineering-based studies employed a robust mix of trajectory 
analysis tasks and launch system engineering-based tasks. The launch system development tasks, 
although funded as a component of the Parker Solar Probe project effort, were performed before, 
and independently of, the science/instrument team selections and the spacecraft development 
schedule. Typically the spacecraft physical separating interface, volume, mass, and orbit require- 
ments are the primary requirements the launch system development incorporates into early 
launch system studies. This separation of effort allowed the science community (including the Sci- 
ence and Technology Definition Team [STDT]*) and selection processes to proceed almost inde- 
pendently of the launch system development.’ Only the most critical requirements (spacecraft 
mass and C3/orbit requirements) intersected the independent development paths early on. Ta- 
ble 7-4 provides a rough comparison of the Parker Solar Probe development schedule with a no- 
tional Interstellar Probe launch system development schedule. 


The Parker Solar Probe launch system development team recognized, and exploited, the fact that 
the intersections and dependencies existing between estimating launch system ultimate perfor- 
mance values (velocity) and a fully matured spacecraft design can be tempered properly with al- 
locations for parasitic masses attributed to fairings, adaptors, avionics, and power systems, etc., 
factored in. 


The case of an Interstellar Probe mission is little different from other large missions (e.g., New 
Horizons and Parker Solar Probe) in that appropriate technical risk retirement up front and ade- 
quate planning for large, critical hardware pieces are critical to successful implementation. 


4 Parker Solar Probe launched from Cape Canaveral Air Force Station on 12 August 2018. The mission was assigned 
to APL by NASA’ Office of Space Science (OSS), roughly equivalent to the current SMD, in 2001. That assignment was 
followed by ~4 years of a risk-mitigation study for the thermal protection system (TPS), which was seen as the primary 
technical risk for the mission (Potocki et al., 2006). Other engineering studies were also performed during this period 
to decrease technical, cost, and schedule risk to the mission plan. 

? The original Solar Probe STDT was established within the Living With a Star (LWS) program at NASA in early 2004. 
After completing its initial report, the team was reconstituted as the Solar Probe Plus STDT to deal with a reconfigu- 
ration necessitated by the lack of RTGs to power the spacecraft. That team was disbanded on 9 April 2008. An An- 
nouncement of Opportunity was released on 3 December 2009, and proposals for instruments were due on 26 March 
2010, some 8.5 years before launch. 

13 On a reduced scale, this is not unlike the issues faced during the early days of Apollo (Von Braun, 1962). 


7-36 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


Table 7-4. Notional Interstellar Probe Development Schedule and Actual Parker Solar Probe 
Development Schedule 


i 
< 
o 
is) 
as 
7) 
BR 
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a= 
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Note: Dates Are Notional Task Start Dates Notional Dates 


Mission Formulation Start 1-Jun-18 
Launch System Configuration and Performance Trades (start) 30-Jul-18 
Engagement Studies with Launch Vehicle and Stage Providers 9-Jun-20 


Launch System Configuration, Trajectory, and Performance Trades 
. 9-Jun-20 
(with NASA KSC) 


Spacecraft Phase “A” Start 

Program Cost, Performance, and Risk Trade Studies 
Spacecraft Phase B Start 24-May-22 

Launch Vehicle System Selection (by NASA) 

Spacecraft Mission Phase C Start 

Spacecraft Integration and Testing Start 


Spacecraft Environmental Testing Start 15-Feb-28 
Launch Campaign Start at the Launch Site 27-Jul-28 
Launch Date 1-Jan-29 
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In this case, the launch vehicle itself is perhaps the most daunting risk. To carry a GPHS RTG, a 
certain number of successful prior missions are required as a matter of current policy (September 
2019), and adequate time is required to comply with the Nuclear Launch Safety Approval Process. 
The latter has been well vetted in recent years by the launches of New Horizons, Curiosity, and 
Mars 2020.4 The successful planned use of the SLS as a launch vehicle for the Europa Clipper 
mission will provide a good start, along with planned human missions to the Moon (Artemis pro- 
gram), for certification of the launch vehicle for an Interstellar Probe at the end of the 2020s, while 
also watching for developments with other (commercial) launch vehicles of similar capability. 


4 Mars 2020, now known as Perseverance, successfully launched 30 July 2020 and has a now-planned landing on 
Mars on 18 February 2021 (NASA, 2020). 
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Figure 7-24. Injected mass versus C3 for a combination of a Delta IV Heavy and a Star 48GXV kick stage. 


7.3.7. Mission Examples with Existing and Vintage Flight Hardware 


Some perspective on the use of the SLS Block 1B+ and Options 2 and 3 on bettering performance 
can be seen from using previous spacecraft and existing launch options. Currently, the most pow- 
erful, high-C3 launch vehicle in the world is the Delta IV Heavy.'® The highest performance “new” 
kick stage is the Star 48GXV. The solid stage has ~50% more propellant mass than the Star 48BV 
and was under development for use with an Atlas V for the Parker Solar Probe mission. Although 
it safely passed a hot fire test (5 December 2013), further flight qualification was stopped in favor 
of using the more powerful Delta IV Heavy (as compared with the Atlas V) and less capable, but 
multiply flight-proven Star 48BV-based stage. 


Rough performance numbers can be calculated based on the Star 48GXV plus Delta IV Heavy com- 
bination. Figure 7-24 shows a spacecraft-separated mass curve versus C3 for this combination, 
along with an approximate fit to a decaying exponential. 


4S Now denoted as “Block 2” — “Cargo” configuration. 
16 The Delta IV Heavy outperforms the Falcon Heavy (expendable version) at high C3s (see Figure 7-11) because of its 
use of LOX/LHz in all stages. 
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To provide some idea of current capability using such a system, Table 7-5 provides approximate 
fly-out speeds for previous deep-space satellites, which could be obtained with such a system. This 
provides potential asymptotic fly-out speeds obtainable with an ideal, optimized, prograde JGA. 


Table 7-5. Asymptotic Fly-Out Speeds of Vintage Spacecraft on a Delta IV Heavy plus Star 48GXV Stack 


Spacecraft G (km?/s?) agra ae a meee au/yr 
Voyager 1/2 158.75 825.4 5.25 1.46 
Parker Solar Probe 174.43 643.0 5.59 1.55 
New Horizons 193.02 478.3 5.95 1.65 
Ulysses 209.71 366.7 6.24 1/3 
Pioneer 10/11 233.32 251.8 6.60 1.83 


This type of system could suffice to take a robust spacecraft up to ~1.5 times the asymptotic fly- 
out speed of Voyager 1 with a passive, prograde JGA (Option 1). Current NASA performance num- 
bers for high-performance rockets in the absence of an upper stage (Figure 7-25) are limited to 
the Delta IV Heavy and Falcon Heavy for direct flights to Jupiter with no inner-solar-system gravity 
assists (required C3 = ~80 km/s’). 


NASA Launch Vehicle Performance 
12 -0.031x 
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raz 8000 R? = 0.9793 
6000 
= 4000 
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eoco5e Expon. (Delta IV (Heavy)) 


Figure 7-25. Injected mass versus C3 for current high-energy vehicles covered by NASA's Launch Services 
Program Launch Vehicle Performance Planning Assessment (data from queries made to website tool on 
10 July 2019). Compare with Figure 7-11. 


To compare with the case shown in Figure 7-24, for a burn of the final stage at Jupiter (Option 2), 
we note that a stack consisting of a New Horizons-mass spacecraft on a Star 48GXV-powered stage 
would have a mass of ~3775 kg. The corresponding Delta IV Heavy capability is <70 km/s, so 
Option 2 is not even feasible for this case. 
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8. Long-Duration Mission Challenges and a Path to Solutions 


The science goals of heliospheric and planetary missions are continuing to require increased mis- 
sion durations. Voyager’s mission requirement was for 4.5 (Draper et al., 1975) years, and, in its 
various mission extensions, it has operated for a total of 43 years to date (e.g., Matsumoto, 2016). 
Cassini took 7 years to reach the Saturnian system and then operated in orbit an additional 13 
years for a total of 20. The New Horizons mission required over 9 years to reach Pluto and has now 
continued into the Kuiper Belt for the past 4 years. The goals of the Interstellar Probe mission (R. 
L. McNutt et al., 2019) will require the spacecraft to operate for 50 years or more to meet the 
science goals being discussed (Brandt et al., 2019). To meet this requirement, greater care and 
planning will be required. The challenges fall into three categories: spacecraft reliability, sustain- 
ment of a ground system, and ensuring that a team with its knowledge base intact (the human 
element) is available to support the mission throughout its duration. 


In 2018 and 2019, the Interstellar Probe study concentrated on some of the overarching organi- 
zational and structural issues that will challenge the mission. This report provides a status of the 
work on the challenges of a long-duration mission as of the end of calendar year (CY) 2019. Those 
overarching issues are documented below. 


In 2019, work started on spacecraft reliability and on many of the ground segment’s practical chal- 
lenges that need to be met based on mission architecture. A review of the literature indicated that 
Voyager was the most well-known long-term mission with regard to lifetime but not the only one 
(Fox et al., 2013). The literature noted that if spacecraft continue to operate for a few years (no 
infant mortality), they tend to function for a very long time. The often-assumed constant failure 
rate models are not appropriate for such long-term missions, and a Weibull distribution of failure 
rates (i.e., failure rate decrease over time) is a better model (Saleh & Castet, 2011). As the details 
of mission requirements and the spacecraft architecture progress, a statistical analysis of Inter- 
stellar Probe reliability will be developed and mitigations then will be recommended where that 
analysis indicates additional work will be required to ensure the reliability risk is acceptable. 


The ground segment for an Interstellar Probe mission will be based on a concept of operations 
(CONOPS) whose initial outlines are described in section 4. Experience from past and current mis- 
sions such as Voyager and New Horizons will provide guideposts to help and form the basis for the 
challenges for the ground segment described below; however, these challenges will be refined 
into specific issues based on the currently (or soon to be) available ground assets and the space- 
craft resources to be defined by the ongoing work described in section 7. The resulting implica- 
tions, in more specific terms for the ground segment, will be documented in future reports. 


As stated above, prior missions such as Voyager, Cassini, and New Horizons have operated for long 
periods of time. Other missions are currently planning for eventual workforce transitions, such as 
NASA’s Europa Clipper (Weber, 1968) and the European Space Agency’s (ESA’s) Jupiter Icy Moons 
Explorer (JUICE). The timeline of an interstellar mission, however, is so extreme as to largely eclipse 
any and all prior activities. Arrival at the target destination will not take place for 50 years, a period 
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longer than Voyager’s operational timeline, now expected to terminate 45 years after launch. Sev- 
eral of Voyager’s initial principal investigators (Pls) have already passed away (Bradford A. Smith, 
2018; Rudolf A. Hanel, 2015; Herbert S. Bridge, 1995; Von R. Eshleman, 2017; James Warwick, 
2013; Frederick L. Scarf, 1988), with deputies taking on leadership roles only once the PI has died, 
akin to a form of kingship or inheritance (Weber, 1968). Voyager data management and updating 
efforts began over 20 years after launch. On Cassini, those who joined after selection and became 
the lifeblood of mission planning and operations had to wait until several years into the mission 
before they were offered an official mission role; while Pls could add newcomers to their teams, 
facility instrument leaders on Cassini could not do so without NASA Headquarters’ approval. A late 
addition of a participating scientist’s program enabled some mobility of these juniors into official 
roles. New Horizons is still under the command of its Pl, with deputies in charge of encounter 
planning experiencing role turnover in extended-mission phases. As such, many of the innovations 
that enable such mission longevity have been implemented on an ad hoc basis, according to the 
timeline of mission extension or need, and were not part of the initial mission plan, personnel 
assignments, or proposal, as driven by budgetary limits. 


This ad hoc approach to temporality and change will simply not work on the Interstellar Probe mis- 
sion. Most of the original team will be dead by the time the spacecraft reaches its targeted end of 
mission of 50 years past launch. Even if the spacecraft arrives fully operational at the interstellar 
medium, without appropriate operational plans in place, the initial team that operated it will have 
dissolved into postmortem factions, with potentially archaic data standards that are no longer sup- 
ported and little to no resources to support the upkeep of essential equipment or the successful 
promotion of juniors to leadership roles, and the mission will be a failure. Just as extreme distance 
drives technical parameters associated with speed and trajectory, which, in turn, impact instrumen- 
tation and design, the extreme temporality associated with the mission lifetime must drive the mis- 
sion’s teaming and data architectures because they are essential to enable full mission success. 


NASA-funded spacecraft teams have not yet faced the considerations associated with such long 
periods of cruise and operations, except on an ad hoc, extended-mission basis. Sociologists, an- 
thropologists, and historians who have studied collaborations organized for expected long periods 
have identified several features in common. Importantly, the most successful of these communi- 
ties conceptualize their built instrumentation as research infrastructure. Research infrastructures 
must not only be planned and built, they must be maintained over time, with budgetary resources 
put aside for upgrades and upkeep (Matthew J Bietz et al., 2010; Borgman et al., 2016; Edwards, 
2013; Karasti et al., 2010; Lee et al., 2006; Millerand et al., 2013; Star & Ruhleder, 1996; Star, 
1999). 


In addition, such infrastructures are organized to support expected and regular leadership turno- 
ver. Navies and fleets demonstrate hierarchical structures that support strong leadership, effec- 
tive and efficient communication, and delivery of results. This means that although instrumenta- 
tion is bespoke and individuals forge strong associations with their detectors, ships, or devices, 
they anticipate that these tools of their trade will be shared and passed onward to successive 
waves of participants (M. Cohn, 2013; Charlotte Linde, 2001; C. Linde, 2009; Ribes & Finholt, 2007, 
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2009). These new members of the community are trained in how to use the research infrastruc- 
ture and take on more responsibility as their careers mature. Instrument management, too, is also 
frequently decoupled from scientific investigations, with Pls leading groups of investigators with- 
out taking charge of a particular instrument (Traweek, 1988). 


Finally, research infrastructures establish standards for data management and transfer that look 
to the long term (Matthew J. Bietz & Lee, 2009; Birnholtz & Bietz, 2003; Endersby, 2008; Millerand 
et al., 2013; Pasquetto et al., 2016; Ribes & Jackson, 2013). Data stewardship considerations there- 
fore begin at the outset of the collaboration. They are not addressed in a post hoc manner once 
formats become out of date or system upgrades render important files useless. 


These principles, which enable research collaborations to endure over many decades, inform our 
discussion of the planned social order of the Interstellar Probe team. We first describe the organ- 
ization of the human element that takes these considerations into account. We then describe our 
plan for long-term maintenance with respect to funding and for data management. 


8.1. Organizing for the Long Term 


Many scientists in the planetary science, astrophysics, and heliophysics communities are used to 
a model of Pl ownership in which individuals become charismatically associated with their instru- 
ments and that instrument’s success. Transition from one leader to another can prove difficult or 
even destructive to the instrument as the loss of knowledge and perceived leadership is devastat- 
ing for the instrument and for the team. This model will not work for a mission that must, by defi- 
nition, outlive all of its original leadership team before it becomes fully operational. The team must 
therefore meet this challenge head-on, with considerable forethought. Fortunately, examples 
from organizational sociology and the sociology of science offer opportunities to innovate in order 
to ensure scientific success. 


8.1.1. A Bureaucratic Structure 


Over a hundred years ago, Max Weber explained that the charismatic form of leadership does not 
endure beyond the lifetime of the charismatic individual—unless the organization successfully 
transitions to a bureaucratic hierarchy (Weber, 1968). While the former social form is character- 
ized by leadership through forceful “personality” and individual participants’ adherence to the 
leader, bureaucracies are seen as more legitimate and efficient social forms, characterized by 
strong centralized authority and a clear chain of command and communication such as that seen 
in military operations or among a fleet of ships. Such systems rely on individual expertise but also 
provide clear roles for participants, opportunities for advancement should this be desired, and 
clear mechanisms for training and evaluating candidates. They also provide meaningful employ- 
ment and connection to the cause. Individuals move in and out of roles (or “bureaus”) with clearly 
defined tasks, and their evaluation is based on their performance of the role’s tasks, not their 
personality. Newcomers have the opportunity to enter and to move up the chain, criteria for ad- 
vancement are clear, and decision-making is comparatively transparent. 
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This model has already been used to great effect in voyages of exploration and discovery, which 
took place under social structures that endure for generations, such as national navies or private 
companies. This includes the voyages initiated by the Hudson’s Bay Company (e.g., the voyage of 
the Nonsuch in 1668) or the Dutch East India Company (Vereenigde Oostindische Compagnie; 
VOC, e.g., the voyages of Henry Hudson); the three Pacific voyages of James Cook, while he was 
an officer in the Royal Navy (Great Britain); the circumnavigation of the globe by the Imperial Rus- 
sian Navy under Admiral Fabian Gottlieb von Bellingshausen; or the voyages of the Chinese Treas- 
ure Fleet under the command of Zheng He (#840). While now remembered for certain charismatic 
discoverers and captains, these expeditions were actually organized under the rubric of large, na- 
tional-level institutions, and not undertaken by isolated entrepreneurs. 


There are advantages to this model of group operations. Ship operations led cognitive scientist 
Ed Hutchins to develop the notion of “distributed cognition,” which relies on clear roles and com- 
munication pathways between members of such a well-oiled machine. There is even evidence that 
bureaucratic hierarchies may be better for women and minorities because of these criteria, unlike 
other models of hiring and promotion that operate based on perceived “fit” and that persistently 
conflate this standard with merit (Castilla & Benard, 2010; Freeman, 1972; Rivera, 2012). Most 
importantly for the Interstellar Probe mission, however, such social systems endure much longer 
than corporations, militias, or religions that are predicated on following single, charismatic indi- 
viduals, and that are likely to fizzle out once that leader is gone. 


Most NASA teams in the directed or Flagship class provide strong structures in the form of individ- 
ual instrument teams. However, leadership on these instrument teams is often charismatic in form 
and does not change hands. There is no single role at the top of the chain, equivalent to a CEO or 
an admiral. The “project scientist” (PS) role is more subservient, transmitting the concerns of the 
P| to those constructing instrumentation, with no functional hierarchical authority—a form of 
“structural powerlessness” (Kanter, 1993). While some PSs have managed a form of control due 
to charisma (i.e., Ed Stone of the Voyager project), others have stayed within the traditional con- 
fines of the role. To follow the ship analogy, what is necessary is for each instrument to be man- 
aged by a captain and the overall fleet by an admiral. While individuals in these roles can be re- 
placed through formal procedures, the roles and their authority remain. 


To convert the common NASA Flagship team structure into one with staying power to last multiple 
generations of scientists, we recommend the following modifications: 


¢ Write contracts to allow the Pl-ship to exchange hands over the lifetime of the instrument. 
Instrument leadership should be promoted from within the instrument team and/or com- 
peted participating scientist programs, not necessarily within the institution; contracts and 
instrument development plans must be written accordingly. 


* Formalize deputy roles for all Pl-ships, and formalize mechanisms for their replacement. 


¢ Formalize procedures for Pl and PS replacement through the ranks. 
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* Create and classify clear roles on the mission team (beyond simply co-investigator [Co-l] or 
instrument engineer) that allow the responsibilities to remain with the roles. 


¢ Assign formal deputies, apprenticeships, or assistantships to all roles for junior scientists 
to build mentorship and continuity into the architecture of the mission. 


¢ Formalize mechanisms and procedures for advancement (i.e., selection of the next PI or 
PS, rotation of deputies through the ranks, mobility of juniors among roles and up the chain 
of commana). The mission must not be allowed to grow stale in its leadership or among its 
membership ranks. 


8.1.2. Instrumentation and Leadership 


An essential property of such organizations is the ability to draw a clear distinction between in- 
strument development, leadership, and management on the one hand and individual scientific 
investigations on the other. This model is already in place in related research infrastructures that 
support particle physics and astronomy. Observatories, for instance, are founded on the premise 
that they will produce a shared resource that is managed by a scientific community, that is kept 
reasonably up-to-date in terms of operational capacity and instrumentation, and that enables 
community participation and observation (e.g., the Soace Telescope Science Institute [STSci], es- 
tablished for the Hubble Space Telescope in 1981). While groups of technicians manage the phys- 
ical upkeep of the equipment, groups of scientific experts decide which investigators may use the 
instrumentation (McCray, 2000; Traweek, 1988). Meanwhile, particle accelerators, synchrotrons, 
and neutrino detectors (Doing, 2004; Knorr Cetina, 1999; Pinch, 1986; Traweek, 1988) are also 
built to support the long-term goals of physicists working in a collaborative environment over a 
long duration. This includes particle accelerator facilities, such as the Stanford Linear Accelerator 
(SLAC)—now the SLAC National Accelerator Laboratory—begun in 1962 at Stanford University; the 
High Energy Accelerator Research Organization (BL A/L¥ —DURESHAAS KO Enerugi Kasokuki 
Kenkyu Kiko), known as KEK, established in 1997; and CERN (derived from Conseil européen pour 
la recherche nucléaire), established in 1954. At these facilities, which have been studied by social 
scientists (Knorr Cetina, 1999; Traweek, 1988), the goal is to provide an infrastructure for long- 
term scientific work, that supports multiple scientists’ investigative goals, and that cares for and 
provides regular upkeep and upgrades for equipment. 


Thus far, this has not been the model on NASA spacecraft teams. On such teams, individuals nat- 
uralize the notion that Pls expect the data from their instruments in return for their hard work and 
investment. They assume that the kind of detailed knowledge of the instrument necessary for 
design, construction, maintenance, and use can only be held by the Pl. Given the proclivity of other 
scientific fields to structure themselves differently, this assumption is false; it is instead the out- 
come of an organization in which individuals are permitted to possess charismatic leadership roles 
with the “special powers” that presumes. Should instruments be built instead with the express 
assumption that they are to outlive their progenitors and that the role of the PI is one of an instru- 
ment steward amid generations of leadership, these assumptions will change. 
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We therefore recommend something that will sound outrageous to many NASA scientists and Pls: 
that instruments may begin under the purview of a charismatic individual, but within 10 years of 
their construction, they must transition to more of a “facility”-style instrument: one managed over 
the long term by an institution and series of technicians. These technicians may initially be selected 
and trained by the Pl, but the contract must go to an institution and laboratory with the capability 
to host and manage instrumentation over generations of instrumental stewards. To that end, we 
recommend the following: 


* Clear instructions to proposers stipulating that even if the instruments are at first built by 
individual Pls, they must transition to facility support in the early stages of the mission, 
such that an institution can robustly manage the instrument’s continued operations. The 
goal is to produce instruments that will outlive their creators, and for the creators to imbue 
them with qualities that will enable that transition. 


¢ Successive generations of Pls may be responsible for guarding and safeguarding the insti- 
tutional instrumentation and making decisions as to its management. 


* Scientists in charge of facility instrumentation must not be subject to structural powerless- 
ness (i.e., saddled with the responsibility for instrumentation but having limited true au- 
thority over its construction or management). Akin to new captains put in charge of exist- 
ing vessels in a fleet, they must be allowed to make decisions regarding the operations, 
care, and maintenance of the instrument entrusted to their care. 


¢ Future rounds of Pl selection may disentangle instrumentation management entirely from 
investigation management, as is the case with research infrastructures at locations such as 
CERN or at large telescope centers. This would enable cross-collaboration among instru- 
ment groups within the project science group through cross-functional teams. 


8.1.3. Ritualized Role Turnover 


Most missions do not plan for promotions or shifting roles. Pl-ships are rarely transferred, and 
contracts are established with institutions with the understanding that the named individuals and 
organizations will endure. In reality, many missions must confront this problem should a team 
member retire or pass away, and must work at cross-purposes with contracts and institutions to 
resolve the problem. An interstellar mission that goes beyond the life expectancy of any of its 
founders can and indeed must plan for such a reality in advance by building this expectation into 
its sociotechnical structure. 


Far from a disadvantage, role turnover can be advantageous if considered well enough in advance 
to establish appropriate organizational structures and practices. However, this turnover cannot 
simply happen once, or when a PI dies or retires. This would cause too much of an exogenous shock 
to the team system, with uncontrollable effects (Haveman et al., 2001). The team must instead 
ritualize role and leadership turnover, such that it becomes part of the team’s temporal rhythm 
(Jackson et al., 2011). Research in the Carnegie School of organizational sociology indicates that 
routines can be a source of both stability and change (Feldman, 2000; Feldman & Pentland, 2003). 
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As such, routinized and ritualized handover of instrumental authority can be a source of stability 
for the Interstellar Probe team even as it allows for some administrative fresh air. Further, if ele- 
ments at the core of the organization—its social structure and its technical resources—do not 
change, then social theory suggests that the organization will develop a strong degree of structural 
inertia that enables flexibility and adaptability without compromising the durability and success of 
the organization as a whole (Hannan & Freeman, 1984). 


Taking these considerations into account, we suggest a novel approach to the problem of team 
turnover on the Interstellar Probe mission team. Instead of treating turnover as an ad hoc or ex- 
ogenous event, we propose its routine ritualization as part of the core of the mission structure. 
Ideally such leadership transitions should take place with a regular cadence and a regular set of 
predictable activities. They should enable a leader to have enough charge over an instrument to 
come to know it intimately, but without developing such a close relationship that the instrument 
cannot effectively be handed over (indeed, the instrument must be developed with handover in 
mind). Such transitions must allow a leader to make an impact in their position, but not be in 
power for so long that the instrument’s operation is unimaginable without them. Much like how 
mission teams require an operational readiness test to practice and perfect their operational con- 
straints and concerns, role transitions must occur more than once over the lifetime of the mission, 
and certainly more than once before arrival at the interstellar medium. 


We recommend a decadal cadence to satisfy these requirements. By the time of the mission’s 
arrival, leadership will have changed hands four times, allowing for much room for the transition’s 
improvement. This also offers the opportunity to align leadership periodicity with naturally occur- 
ring changes on the mission, for instance: 


¢« Years 1-10: Pls selected; spacecraft and instruments built and launched; initial databases 
established for data collection. 


¢ Years 11-20: Deputy promoted to Pl; new deputies and internal leads promoted. Appoint 
10 participating scientists to use instrumentation; conduct planetary science exploration 
phase throughout solar system cruise. User testing in situ of databases, software, and hard- 
ware required for data collection and circulation. 


¢ Years 21-30: Deputy promoted to Pl; new deputies and internal leads promoted. Deploy 
lessons learned from initial solar system cruise. 


¢« Years 31-40. Review to ensure continuity by initiating a new wave of participating scien- 
tists. Produce and promote cross-functional teams for physical sciences that deploy multi- 
ple instruments. 


* Years 41-50. New wave of participating scientists. New Pl-level leaders for cross-functional 
teams. Implement lessons learned and system upgrades based on operations to date. 
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The team must spell out the rules for instrument delivery and transition in advance so that Pls, 
team members, and community members know what to expect in terms of the legacy of their 
instrumentation. 


All phases of transition require robust transfer of knowledge, skills, and institutional memory— 
what is typically called “knowledge management.” Work by anthropologists and sociolinguists at 
NASA Ames Research Center to support the former Constellation program considered these same 
concerns with respect to human spaceflight, many of which apply here: 


* Rotate mission roles among a roster of apprenticed teammates, with members appointed 
and transitioning from roles on regular basis on multiyear terms. This reinforces that 
knowledge is localized to the role, not to the individual, and also spreads embodied 
knowledge of the mission and its particulars among more team members, especially those 
who may move up into positions of decision-making authority. 


* Develop an onboarding process for all newly appointed team members that introduces 
them to the customs, culture, and instrumentation of the mission team. 


¢ Ensure a robust online-and-offline document and information repository for knowledge 
capture. 


¢ Encourage blogging, oral histories, and memoir writing by members of the team to encour- 
age the relay of stories and information across generations (Charlotte Linde, 2001). The 
“spirit” of the team has to transition to the next generation, along with specific technical 
knowledge. 


8.2. Plan for Infrastructural Aging 


Given that there are no “magic hands” in space to tinker with or otherwise change the spacecraft 
after launch, considering these issues well in advance is essential to mitigating the challenges that 
can—and will—arise during flight and operations, decades into an unknowable future. These chal- 
lenges are not entirely unknown, however. Studies of long-term scientific collaborations have re- 
vealed several common concerns about long-duration collaborations associated with data man- 
agement, software, and hardware. For instance, individuals planning the MESSENGER mission 
spent 3 years trying to read Mariner 10 tracking tapes to help develop their mission; restoration 
efforts resulted in the conclusion that the 40-year-old tapes were not “easily” readable. 


Aging with the spacecraft will require dealing with aging standards for software code and for data 
formats and storage to anticipate the need for backward compatibility many years in the future. 
Such problems are routinely dealt with post-mission by NASA’s Planetary Data System (PDS), and 
they have been, and continue to be, challenging (R. L. McNutt, Jr. et al., 2017). Dealing with such 
issues has been done on a best-effort, ad hoc basis with the Voyager spacecraft during the Voyager 
Interstellar Mission (VIM), which commenced 4 June 1990 (Belcher, 1990). For Interstellar Probe, 
a more deliberate, planned, and appropriately funded approach is required. 
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8.2.1. Data Management 


Data management must encompass curation and compatibility policies in addition to more typical 
cleaning, calibration, and release dates (Matthew J. Bietz & Lee, 2009; Borgman et al., 2016; R. L. 
McNutt, Jr. et al., 2017). The mission should carefully consider and implement the following: 


* Data storage and management standards that do not change with time 


* Budgeting for compatibility systems in the future such that new machines can read old file 
formats 


* Careful and complete documentation of such systems as they develop and age 
¢ Use of redundant hardware systems (e.g., disk readers) 
* Plans for periodic system upgrades in advance 


* Consistent use of NASA, NSSDCA (NASA Space Science Data Coordinated Archive), and 
NARA (National Archives and Records Administration) archives, standards, and best prac- 
tices in collaboration with pre-mission NASA arrangements and requirements 


¢ Best practices regarding the use of archiving standards and metadata documentation, in- 
cluding use of digital object identifiers (DOls) for data sets and archiving of analysis soft- 
ware as applicable (e.g., with GitHub, equivalents, and/or successors) 


Maintenance and repair should be core factors of all work on long-duration missions and should 
be explicitly and contractually built into mission plans by confirmation at the latest (Steinhardt, 
2016). One potential approach would be to consider including a maintenance crew bureau that 
supports scientific and technical endeavors across the team (such a structure is more common in 
National Institutes of Health (NIH)-funded collaborations that implement a coordination bureau). 
Care should also be taken to build a system with relative simplicity that relies on preexisting stand- 
ards, with robustness and reduplication built in, to enable long-distance troubleshooting and re- 
pair. In addition, information technology (IT) cybersecurity threats must be appropriately dealt 
with such that digital resilience (Rothrock, 2018) is built into the data systems and archives from 
the start in order to protect the long-term integrity of the data obtained. 


In addition, the team must anticipate software patch build up, to include updates or upgrades to 
earlier standards, possibly written in new programming languages (M. L. Cohn, 2016). Adopting 
ISO (International Organization for Standardization) standards and compiling a software dictionary 
up front for each mission instrument can assist in this regard and should follow NASA PDS best 
practices or equivalent. Onboard training for old programming languages will be essential for new- 
comers who, years in the future, will not be familiar with today’s languages. The team might 
choose to standardize use of a small group of languages across their infrastructure to better ena- 
ble problem-solving by future computer engineers or the crafting of software patches for use with 
old file format standards in data analysis. 
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8.2.2. Funding Management 


By their nature, “large strategic missions” (aka “Flagship” missions) provide significant funding 
challenges to go with their significant scientific opportunities (National Academies of Sciences, 
2017). Precisely because they are large, cost overruns and/or schedule slips can have a significant 
negative impact on all stakeholders in a variety of ways outside of just monetary impact (Zelizer, 
2017). An example of what to avoid is that of the James Webb Space Telescope [JWST]). Originally 
proposed as the Next Generation Space Telescope (NGST) by the Astrophysics Decadal Survey in 
2001 for a cost of $1 billon (Council, 2001), JWST is now planned to be launched in March 2021 
with a mission cost of $9.7 billion. There are two challenges. The first is that NASA “bookkeeps” 
the mission cost as that established as the baseline at mission confirmation, which follows the 
Preliminary Design Review. However, costs at that point can already be in excess of the estimates 
put forth in initial planning documents such as the Decadal Surveys, and that in itself can be prob- 
lematic for keeping large missions sold. Up-front cost estimates are difficult to make for cutting- 
edge large missions, but they can be mitigated to some extent by advanced engineering studies of 
critical technologies, such as that begun here. A quantitative predictor remains problematic, alt- 
hough NASA’s establishment of the CADRe (Cost Analysis Data Requirement) system and the use 
of the CATE (cost and technical evaluation) process are given a measure of credit in eliminating 
cost surprises (National Academies of Sciences, 2015). The previous methodology that NASA in- 
vestigated as embodied by “Gruhl’s Rule” (Honour, 2004) makes qualitative sense (the more 
money spent on initial concept engineering, the less the final overrun), but its quantitative validity 
has been called into question by some. 


Funding management is a multisided issue with any large mission, and this one will be no excep- 
tion. In any event, no mission can ever be considered solidly sold until it is successfully launched. 
Research is underway to characterize the effects of shifting budgetary conditions on spacecraft 
development and operations (Vertesi, 2016). With considerable mismatch between Congressional 
cycles of funding allocation and the life expectancy of an interstellar mission as well as an inability 
to predict long-term fiscal and political realities, there will be significant challenges both in the 
development phase and in the cruise phase for the project and its management. Such periods of 
uncertainty are not new, but the long timescale of this project by design will exacerbate difficulties 
experienced by previous long-term projects. 


To that end, the mission must involve budgetary practices that allow for long-term planning from 
the outset, including the following: 


¢ Build funding requests into the mission profile for periodic system upgrades. This includes 
ground-based infrastructure, data infrastructure, and spacecraft operating systems. This 
future-minded approach must also form part of the software architecture from the outset 
such that systems are not working with multiple “reverse salients” at a time as well as 
continual breakdowns (Hughes, 1999; Star, 1999). Redundancy and repair must be essen- 
tial characteristics of spacecraft and ground system construction (Jackson et al., 2012; 
Rosner & Ames, 2014; Steinhardt & Jackson, 2015; Steinhardt, 2016). 
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Streamline the mission profile to keep costs as low as realistically feasible; include margins 
for the “unknown unknowns.” 


Provide an honest, accurate, and robust cost estimate well before mission confirmation 
(e.g., as early as the appropriate Decadal Survey deliberations). Continue to perform cost 
estimations at regular intervals as the mission proceeds. 


Do not “upscale” the mission after stakeholder buy-in if this would lead to significant 
budget requirement increases (e.g., both the developers and NASA management must pro- 
actively avoid “bait and switch” tactics as opposed to solid stakeholder buy-in during early 
development). 


After launch, during the development phase, avoid shifting costs from development to op- 
erations that add complexity to operations, as with deletion of the Cassini scan platform. 


Characterize budget-cutting processes in advance (i.e., instrument descopes and opera- 
tional stand-downs), and secure concurrence in these processes from all stakeholders in 
advance as well. 


Consider an appropriate international partnership with formally agreed-to and docu- 
mented, well-defined, and mission-enabling roles for non-NASA partners as part of the pre- 
decisional mission development. 
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9. Management 


9.1. Stage 1: Basic Feasibility (2018) 


The first phase of study for the Pragmatic Interstellar Probe mission concept began in 
spring 2018.1 The initial task allowed the study team, along with over 50 additional collaborators 
(i.e., unpaid participants) from around the country and also Europe, to determine (1) that a space- 
craft of modest size and power, propelled by NASA’s Space Launch System (SLS), could indeed 
reach the termination shock of the solar system within about a decade and (2) that communica- 
tions and operations could continue many tens of additional astronomical units (au) beyond the 
heliopause. 


This funding also helped support a special session on interstellar studies, including Interstellar 
probe concepts, at the 2018 meeting of the Committee on Space Research (COSPAR) held in Pas- 
adena, California, on 14—22 July 2018. The session was organized by the Panel on Interstellar Re- 
search (PIR) in 2015 with R. L. McNutt Jr. as chair; T. Zurbuchen was co-chair until his appointment 
as NASA associate administrator for the Science Mission Directorate (SMD), at which time Profes- 
sor R. Wimmer-Schweingruber of the University of Kiel in Germany assumed that role. In addition, 
ahead of the regular COSPAR meeting, a presentation on Interstellar Probe was given to the Inter- 
national Academy of Astronautics (IAA) as part of the Academy Day program on 14 July 2018 
in Pasadena. 


The COSPAR meeting report follows.’ A full list of meetings, presentations, conferences, and talks 
is available at interstellarprobe.jhuapl.edu. 


9.1.1. COSPAR 2018 Meeting Report: Panel on Interstellar Research (PIR) 


The PIR convened three half-day sessions during the 42nd COSPAR Scientific Assembly held 14— 
22 July 2018 in Pasadena, California. A business meeting of the panel was also held (13:00—14:00 
on Tuesday, 17 July). The planned Panel Session “PIR.1: Near-Term Exploration of the Interstellar 
Medium” included 26 oral presentations and nine posters. The oral sessions were held in room SR 
26 of the Hilton Hotel and attracted about ~35 attendees (audience size varied between ~40 and 
~25 across the three sessions). The timing was negotiated so as not to overlap with talks in another 
session (session D1.2, Large-Scale Heliospheric Structure: Theory, Modelling, and Data), the sci- 
ence content of which was complementary to the PIR.1 talks; it also was preferred, and worked 
well, that the PIR.1 sessions were contiguous in time. 


1 Contract Number NNNO6AAO1C, Order Number 80MSFC18F0139, dated 13 June 2018: Form 336 NNNO6AAO1C Task 
Order First Pragmatic Interstellar Probe Mission Study, Purchase Requisition: 4200656072 Fund: SCEX22018D Appro- 
priation: 8018/190120. This contract followed from a Request for Proposal (RFP) issued to APL by NASA on 4 April 
2018 (“Request for Proposal for New Task under NNNO6AAO1C - Interstellar Probe Mission Study,” issued by Marshall 
Space Flight Center [MSFC] on that date). 

* Submitted to COSPAR on or about 14 March 2018. 
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The program was divided into six 90-minute-long sessions; five of those sessions accommodated 
two 25-minute talks and two 20-minute talks, one session accommodated six 15-minute talks. 


Table 9-1. Organization of the PIR.1 Event at COSPAR 2018 


; : Solicited Talks Contributed Talks 
Time Slot Session Name - - 
Number | Duration | Number | Duration 
Monday, Science, Mission, and Implementation — | 2 25 
16 July, 2 20 
a.m. ; stat ; 
Science, Mission, and Implementation — || 2 25 
1 20 1 20 
Monday, Scientific Perspectives and the Conditions in the Very 1 25 1 25 
16 July, Local Interstellar Medium 1 20 1 20 
m. 
is Lessons for Other Systems from Nearby Observations 2 25 
2 20 
Tuesday, nstrumentation and Engineering Challenges — | 2 25 
17 July, 2 20 
a.m. ; ; ; 
nstrumentation and Engineering Challenges — Il 1 15 5 15 
Totals Three half-day slots of two sessions each 14 12 


One contributed 15-minute oral talk was withdrawn at the last minute, and so one of the nine 
poster authors was invited to give a 15-minute talk in that time slot. The poster authors were in 
attendance at poster sessions on the evenings of Monday, 16 July, and Tuesday, 17 July (PCC EX- 
HIBIT HALL C POSTER). 


The 26 oral presentations were given by scientific and institutional leaders in the field from 11 
different institutions from five different nations. Revolving around the pragmatic implementation 
and science of an interstellar probe to the local interstellar medium (LISM), the presentations cov- 
ered the plasma physical interactions with the LISM, planetary and Kuiper Belt Object (KBO) sci- 
ence opportunities, science of the circum-solar debris disk, and astrophysical opportunities, in- 
cluding measurement of the extragalactic background light (EBL) and exoplanetary sciences. Thus, 
a remarkable breadth of science opportunities was represented from the three major space disci- 
plines (heliophysics, planetary sciences, and astrophysics) that would all be enabled by a probe 
leaving the solar system to go beyond the heliopause. A few other sessions dealt with detailed 
science results from various parts of the outer heliosphere, given the recent results from Voy- 
ager 1 and 2, the Interstellar Boundary Explorer (IBEX), and Cassini. However, the PIR.1 session 
was unique in its mission-driven focus that served to collect the compelling science case from the 
global science community; this will become a valuable asset to any future Science Definition Team 
(SDT) and serve to raise the importance of this science in the U.S. Decadal Surveys and documents 
alike worldwide. In addition, five presentations were directly reporting on the implementation of 
a pragmatic interstellar probe using available or near-term technology. Several international stake- 
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holders participated in the session together with the ~40 attendees, including NASA program man- 
agers and several directors of institutions from around the world. Since the 42nd COSPAR Assem- 
bly, the Interstellar Probe concept and the groundbreaking, cross-disciplinary science it enables 
have seen dramatically increased traction: A dedicated Interstellar Probe Exploration Workshop 
was conducted subsequently in New York City (NYC) in October 2018, with 55 international scien- 
tists representing all three disciplines (heliophysics, planetary sciences, and astrophysics), and a 
special session was conducted at the American Geophysical Union (AGU) Fall Meeting held in De- 
cember 2018, in Washington, DC. Several upcoming sessions and presentations are being planned 
in both the United States and Europe, including the Planetary Exploration Horizon 2061 Synthesis 
Workshop in Toulouse, France, in June 2019; a special session at the joint European Planetary 
Science Congress (EPSC)-Division for Planetary Sciences (of the American Astronomical Society) 
(DPS) Meeting in Geneva, Switzerland, in September 2019; a planned second Interstellar Probe 
Exploration Workshop in NYC in November 2019; and a proposed third Interstellar Probe Special 
Session at the AGU Fall Meeting in San Francisco inn December 2019. Given this global momen- 
tum, the organizing committee of PIR.1 looks forward to another successful session at the 43rd 
COSPAR Assembly in Sydney, Australia, in 2020. 


9.1.2. Other Meetings in Calendar Year (CY) 2018 


The COSPAR meeting aligned with the proposed effort, i.e., to reach out and engage both the 
domestic (U.S.) and international communities to assess their scientific interest in, and encourage 
them to contribute ideas to, the ongoing study. 


Interstellar Probe was presented 30 July 2018 at the Solar, Heliospheric, and INterplanetary Envi- 
ronment (SHINE) Town Hall in Cocoa Beach, Florida, and at a Future In-Space Operations (FISO) 
seminar on 5 September 2018 (invited). The study effort was presented to the Voyager science 
team at the Voyager Science Steering Group (SSG) meeting (11-12 September 2018 at APL) and 
at the 69th International Astronautical Congress (IAC) Session D4.4 (5 October 2018 in Bremen, 
Germany). The conference paper was subsequently invited for publication in Acta Astronautica 
and was published there the next year (Ralph L. McNutt et al., 2019). 


9.1.3. First Annual Interstellar Probe Exploration Workshop 


The 1st Interstellar Probe Exploration Workshop was held on 10-12 October 2018 at the Explorers 
Club in NYC. This first meeting was “invitation only” because of limited meeting room at the club. 
The agenda is shown in Figure 9-1. There were 46 presentations plus discussion sessions over the 
course of 2.5 days to a capacity crowd of ~80 attendees. 


9-3 


IMEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


HUMANITY'S JOURNEY TO INTERSTELLAR SPACE 


INTECSTELLAT 


PRO 


Interstellar Probe Exploration Workshop, Explorers Club, NYC, 10-12 October, 2018. 


Day 1 
Time Title Presenter Chair 
11:00 0:15 Welcome and Introductions Michael V. Paul Michael V. Paul 
11:5 0:45 Interstellar Probe History and Overview Ralph McNutt if 
12:00 0:45 Lunch In Room | 
12:45 0:15 NASA HQ Perspective Arik Posner if 
13:00 0:30 Outbrief of Engineering Analysis Michael V. Paul if 
1330 0:30 NASA SLS: Enabler of Interstellar Probe Rob Stough | 
14:00 0:30 Interstellar Probe Team Work Janet Vertesi | 
1430 0:15 Scope, Format and Outcome of Workshop Pontus Brandt and Kathy Mandt if 
14:45 0:10 Coffee | 
15:05 0:10 Helio/LISM - Introduction Elena Provornikova Elena Provornikova and Pontus Brandt 
1520 0:10 The Global Hellosphere Merav Opher | 
1530 0:10 Global Hellospheric Structure in ENAs Robert DeMajistre i} 
15:40 0:10 Interstellar O and O+ Flows Jee-Woo Park | 
15:50 0:10 Jon and Neutral Gas Analyzer Nicholas Paschalidis i} 
16:00 0:10 Sources of Heliospheric ENAs Eberhardt Moebius | 
16:10 0:10 Solar-wind, Pickup, Suprathermal, Energetic lon Comp. Mihir Desai | 
16:20 0:10 Characterizing Thermal Plasma Michel Blanc i} 
1630 0:10 Interstellar Gas Composition ‘Stefano Livi | 
16:40 0:10 Ly-alpha Spectrograph Eric Quemerais | 
16:50 0:10 Collisionality of VLISM Parisa Mostafavi | 
17:00 0:10 Measuring Interstellar Magnetic Fields Adam Szabo | 
17:10 0:10 Radio and Plasma Waves on the Interstellar Probe Bill Kurth | 
1720 0:10 Astrophysics Connection Michel Blanc | 
1730 0:05 Wrap-Up Michael V. Paul 
— EEO 
Day 2 
Time Title Chair 
830 0:30 Coffee and Recap Elena Provornikova Elena Provornikova and Pontus Brandt 
9:00 0:10 In-Situ Investigations of the ISM Bob Wimmer-Schweingruber | 
920 0:10 Particle Measurements on the Interstellar Probe George Gloeckler | 
920 0:10 Science of Space Weather Along the Way Kelly Korreck | 
930 0:10 Galactic Cosmic Ray Anisotropies Matt Hill | 
9:40 0:20 Coffee 
10:00 1:00 Discussion Session ~ Hello/LISM All Elena Provornikova and Pontus Brandt 
11:00 0:20 Team Photo 
11:20 0:45 Lunch in room 
12:05 0:10 Circum-Solar Debris Introduction Casey Lisse Casey Lisse and Andrew Poppe 
12:15 0:10 Solar System Debris Disk Andrew Poppe | 
12:25 0:10 Transformative Astrophysics Measurements Michael Zemcov | 
1235 0:10 Astrophysics With an Interstellar Probe Charles "Chas" Beichman | 
12:45 0:10 Presentation Reserve 
12:55 0:10 Measurement of Dust in the Interstellar Medium Kelvin Long | 
13:05 0:10 Dust Measurements On Board an Interstellar Probe Jamey Szalay | 
135 0:20 Coffee 
1335 1:00 Discussion Session - Debris Disk All Casey Lisse and Andrew Poppe 
1435 0:10 KBO/Planetary/Exoplanets ~ Introduction Kirby Runyon and Abi Rymer Kirby Runyon and Abi Rymer 
1445 0:10 Planetary and KBO Targets in 2030-2050 John Cooper | 
1455 0:10 Ice Giants Science Opportunities Kathy Mandt | 
15:05 0:10 KBO and (Exo) Planetary Science Opportunities Kirby Runyon Abi Rymer and Kirby Runyon 
15:15 0:10 Hypothetical Planet X Orbital Paramaters and Science _ Elizabeth Bailey | 
1525 0:10 Exploring Exoplanets from the Interstellar Medium Lou Friedman | 
15:35 0:10 Earth as an Exoplanet Sonny Harman | 
15:45 0:10 Trade-offs at the Solar Gravity Lens Focal Point Steinn Sigurdsson | 
15:55 0:05 Dinner Logistics Michael Paul Michael Paul 
16:00 Adjourn Day 2 
18:00 Cocktail Hour 
19:00 Dinner and Public Panel 
Day 3 
Time Title Presenter Chair 
830 1:00 KBO/Planetary/Exoplanets - Discussion Session All Kirby Runyon and Abi Rymer 
930 0:45 Science Summary Discussion All Pontus Brandt and Kathy Mandt 
10:15 0:30 Coffee 
10:45 0:45 Model Payload Discussion All Ralph McNutt and Pontus Brandt 
11:30 0:30 Next Steps and Actions Michael Paul Michael Paul 
12:00 1:00 Lunch in Room 
13:00 Adjourn Meeting 


Figure 9-1. The ist Interstellar Probe Exploration Workshop drew broad support from a diverse set of 
science and engineering experts. 
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Finally, for CY 2018 there was a special session on Interstellar Probe at the 2018 AGU Fall Meeting 
of the AGU, held 10-14 December 2018 in Washington, DC. Session SH32C, “The Interstellar Probe 
Mission: Study Findings and Next Steps |” (held on 12 December 2018 from 10:20 to 12:20) con- 
sisted of 10 talks. A poster session, Session SH33C, “The Interstellar Probe Mission: Study Findings 
and Next Steps Posters” (also held on 12 December but from 13:40 to 18:00) consisted of 18 
poster presentations. 


9.2. Stage 2: Concept Development Study (2019) 


9.2.1. Presentation Efforts and Community Engagement 


On 27 February 2019, the Interstellar Probe idea was introduced to the space nuclear community 
as a (small) part of the keynote dinner address at the Nuclear and Emerging Technologies for Space 
(NETS) meeting held at Pacific Northwest National Laboratory in Richland, Washington. 


In the second quarter of fiscal year (FY) 2019, the government shutdown (midnight EST on 22 De- 
cember 2018, until 25 January 2019 [35 days]) led to a depletion of funds and a significant delay 
in the study team’s out-brief of the initial feasibility study to the leadership at the NASA Heliophys- 
ics division. On 7 March 2019, the details were delivered by the study team to the Heliophysics 
leadership at NASA Headquarters (meeting 2—4 p.m. in MIC 7A [7H41]). Although NASA had re- 
turned to operations, the disruption of the shutdown continued to delay resumption of the study 
effort, even though presentations and meetings continued. This included an invited presentation 
as part of a panel on “Future Directions in Heliophysics” at the 2019 Goddard Memorial Sympo- 
sium of the American Astronautical Society on 21 March 2019 in Silver Spring, Maryland. 


There were a variety of other presentations, including two poster presentations at the 50th Lunar 
and Planetary Science Conference (LPSC) in The Woodlands, Texas, on 19 March 2019. There was 
also a poster-paper presentation on 11 April 2019 at the European Geosciences Union (EGU) Gen- 
eral Assembly in Vienna, Austria. Interstellar Probe was also briefed to the Outer Planets Assess- 
ment Group (OPAG) at their meeting in Washington, DC, on 24 April 2019. 


Members of the study team were invited to Moscow to participate in a workshop, “Perspective of 
the Global Heliospheric Studies: Open Questions and Future Space Missions (Including Interstellar 
Probe),” sponsored by the Center of Advanced Studies of the Russian Academy of Sciences, Mos- 
cow, Russia, 25 May 25 to 1 June 2019. Attendance was approved by NASA, and an amendment 
was provided to the initial task order (then out of funds) on 21 May 2019 to cover attendance 
(Amendment/Modification Number POO003). 


With negotiations in progress for additional funding, the team accepted an invitation from the or- 
ganizers of a special session (STO5,-“From the Heliosphere to Interstellar Exploration”) at the 
16th Annual Meeting of the Asia Oceania Geosciences Society (AOGS) held 28 July to 2 August 2019. 
The team provided the lead talk of that session on 1 August 2019 in Singapore. A paper on the 
engineering status was delivered at the American Institute of Aeronautics and Astronautics (AIAA) 
Propulsion and Energy 2019 Forum (19-22 August 2019 in Indianapolis, Indiana) (Paul et al., 2019). 
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Invited talks were also delivered in Toulouse, France, on 11 September 2019 at the Horizon 2061 
meeting (5—7 June 2019) and in a special session on “Interstellar Probe: Science, Mission Designs, 
Opportunities and Challenges” on 17 September 2019 at the EPSC-DPS Joint Meeting 2019, held 
in Geneva, Switzerland, on 15-20 September 2019. At the latter meeting, there were four talks 
total and one poster presentation on Interstellar Probe. 


This includes all of the presentation venues between the start of funding and the end of FY 2019 
(30 September 2019). The second workshop and other meetings during the end of CY 2019 are 
covered in the 2020 report. 


9.2.2. Task Order Increase in Value and Lengthened Period of Performance 


Only days before departure for Singapore for the Asia Oceania Geosciences Society (AOGS) meet- 
ing, funding was augmented (per Amendment/Modification Number POO005 of 25 July 2019). 
This action changed the end of the period of performance (beginning 13 June 2018) from 30 June 
2019 to 30 April 2022. The obligated funding at that point was estimated to cover the period of 
performance through 31 July 2020. 


This augmentation allowed the team to resume already planned conference attendance and sci- 
ence-driven development, while also ramping up the corresponding engineering effort. The latter 
also included the negotiation and issuance of two subcontracts: (1) to Advanced Ceramic Fibers 
(ACF) LLC (of Idaho Falls, Idaho) and (2) to the Center for Advanced Life Cycle Engineering (CALCE) 
at the University of Maryland. 


ACF was selected to help extend the materials and processes used in the Parker Solar Probe ther- 
mal protection system (TPS) to the higher temperatures that would be encountered in a solar 
Oberth maneuver. This effort included application of some of ACF’s patented processes to deter- 
mine limiting temperatures and outgassing rates of the state of the art of ultra-high-temperature 
(UHT) materials. 


CALCE was selected to bring their well-recognized expertise as “reliability science leader in the 
areas of failure mechanism identification and modeling, accelerated test methods, prognostics 
and health management approaches, supply chain management techniques, as well as the appli- 
cation of artificial intelligence for remaining life and fault prediction of electronic devices and as- 
semblies”? to the problem of designing ab initio a scientific spacecraft with a design lifetime of 
50 years. See CALCE’s website for more information: https://calce.umd.edu/about-calce. 


9.2.3. Organization, Tasks, and Baseline Schedule 


The 2019 effort built on the work begun in June 2018 by expanding the engineering and the scien- 
tific discussion to a concept of operations level. The second workshop held in fall 2019 was 
planned so as to allow the engineering team to set parameters for the size and scope of notional 
science instruments, data volume, operational sequencing, and mission phases. These inputs, in 


3 Description from https://calce.umd.edu/about-calce 
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turn, will allow upgrading the initial “form and fit” of the example New Horizons spacecraft (as 
discussed in section 7) to a “self-consistent” Interstellar Probe engineering design. 


The study team, led by Principal Investigator (Pl) Dr. Ralph L. McNutt, Jr. (APL), is staffed by APL 
employees and subcontractors. The team draws on many collective decades of experience design- 
ing, building, and flying exploration space systems. All of these people have some level of experi- 
ence with actual flight hardware, and most have supported and/or continue to support the New 
Horizons and Parker Solar Probe, development, build, checkout, and science operations. In addi- 
tion, many people who are not APL staff have contributed to the effort, augmenting the outcome 
with their expertise and bringing a wider perspective to the current effort. 


9.2.3.1. | Study Team Organization 


The study team has been organized along the lines of a flight mission to ensure that all elements 
of the conceptual flight system are well represented. The funding for this team is also organized 
by work breakdown structure (WBS) elements in a flight-mission-like fashion per NASA practices 
to allow traceability from this study. 


The organization chart is shown in Figure 9-2. Boxes shaded light blue indicate APL-centric devel- 
opment tasks, which are also populated by APL personnel. Boxes shaded light orange indicate ex- 
ternal personnel and/or activities interfacing with the external science and technical community; 
some of the latter are also led by APL personnel. 


9.2.3.2. Interaction with NASA Marshall Space Flight Center (MSFC) 


Significant contributions from MSFC (no exchange of funds basis) have been key enablers for this 
study. Informal conversations were initiated in 2017 and continued at the 2018 IAC in Adelaide, 
Australia. The effort that began there was completed in September 2019, submitted for public 
clearance in December 2019, and cleared for release at the end of January 2020 (Stough et al., 
2019). Details are provided in footnote 4 (in section 7.3.1). This provides the baseline for all launch 
vehicle studies currently envisioned that use the SLS. 


9.2.3.3. Baseline Study Schedule 


The baseline study schedule is shown in Figure 9-3. This provides a rollup of top-level tasks in this 
study. The percentages are approximately how much of the task is complete as of 5 October 2020. 
The quarters are referenced to the displayed calendar years. 
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NASA Heliophysics 
Joe Smith - Program Executive 
Arik Posner - Program Scientist 


Project Management Team 


Ralph L, McNutt Jr. — Principal Investigator External Collaborators 
Program Communications 4 - " ; 
Michael V. Paul — Project Manager —— — — Social Science: Janet Vertesti (Princeton) 
Glen Fountain — Deputy PM/Senior Advisor SLS Coordination: Robert W. Stough 
James P. Mastandrea — Assistant Project Manager 
Project Science Amesinn Aechitaetund Costing & Financial Planning 
Pontus C. Brandt — Project Scientist Jim Kinnison Kathy Kha 
Kathleen E. Mandt — Deputy Project Scientist Lawrence S. Wolfarth 
Working Groups Leads Concept of Operations Radioisotope Power Systems 
Elena A. Provornikova - Heliophysics Kimberly J. Ord Jim Kinnison (ACTING) 
Carey M. Lisse - Astrophysics 
Kirby D. Runyon - Planetary Trajectory Analyses Deep Space Communications 
Abigail M. Rymer - Exoplanet Wayne R. Schlei David J. Copeland 
Launch Vehicles Options & 7 
Particles (Heliophysics) Fields (Heliophysics) Alternatives Spacecraft Control Analysis 
Drew L. Turner & Matthew E. Hill Stuart D. Bale Gabe Rogers 


Spacecraft Configuration ; 
ENA (Heliophysics) UV (Heliophysics) Studies Mission Lifetime Analysis Legend 
Bob DeMajistre Elena A. Provornikova Dave Napolillo Glen Fountain 


JHU/APL 


even R. Vernon et 
Neutrals (Heliophysics) Dust (Heliophysics) Payload System Engineer Solar Shield Analysis & Testing 
André Galli Carey M. Lisse Alice A. Cocoros Doug Mehoke 


UV / VIS / IR (Planetary) IR (Astrophysics) Avionics Power 
Kirby D. Runyon Carey M. Lisse Christopher M. Rose Daniel T. Gallagher 


Figure 9-2. Organization chart of the current study. Most of the structure could be similar to or the starting point for that of an actual flight project. 
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Task Name 
4 Executive Summary 
Initial Project Funding 
Full Task Funding 
Workshops 
Annual Reports 
Study Reports 
Science Trade Space 
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4 Mission Implementation 
Mission Design Trade Space 
4 Flight System Trade Space 
Define Constraints on Spacecraft System 
Develop Candidate Spacecraft Concept 
Develop Spacecraft Concept for Augmented Payload 
Develop Baseline Candidate Spacecraft for SOM 
Develop Augmented Candidate Spacecraft for SOM 
Concept of Operations 
4 Lifetime Study 
Long-Life Mission/Reliability Study 
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Figure 9-3. Top-level task schedule for the study. The tasks are planned and sequenced to provide for 
all final reporting to be delivered no later than the first CY quarter of 2022. 


As noted previously, original funding for this task was provided on 13 June 2018, but in July 2019, 
the task order was increased in scope and duration per the Interstellar Probe Next Stage Concept 
Development contract modification. The first funding portion of the new task order, which is rep- 
resented on the calendar as “Full Task Funding,” was received 25 July 2019. The final funding por- 
tion is planned to be delivered in 2021. 


9.2.4. Outreach Opportunities in CY2019 


The Keck Institute for Space Studies (KISS) held a workshop in 2014—2015 with a smaller group of 
researchers who considered a longer mission timeline (Alkalai et al., 2017; Stone et al., 2015; 
Weinstein-Weiss et al., 2018). Building on the historic body of work on outbound exploration mis- 
sions, the KISS study began a diverse, broad, science-community-wide effort to focus on a near- 
term interstellar probe mission. This pragmatic approach ensures that all points of view on science 
goals, measurements, mission implementation, and formal requirements are considered. 


Outreach opportunities in CY 2019 are shown in Table 9-2. 


Table 9-2. Targeted and Planned Activities for CY 2019 (as of April 2018) 


Meeting Date(s) Venue Presentation(s) 
The Space Astrophysics Land- 1-3 April William F. Bolger Center, Potomac, 
scape for the 2020s and Beyond Maryland, USA 
EGU General Assembly 7-12 April Austria Center Vienna, Vienna, Austria | One presentation 
accepted 
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Meeting Date(s) Venue Presentation(s) 


Perspective of the Global Helio- | 27-31 May Uzkoe Hotel, Moscow, Russia Four invitations 
spheric Studies: Open Ques- 
tions and Future Space Mis- 


sions 

13th Low-Cost Planetary Mis- 3-5 June Grand amphithéatre de |’Université 

sions Conference Paul Sabatier, Toulouse, France 

11th IAA Symposium on the Fu- | 17-19 June Politecnico di Torino — Lingotto Cam- 

ture of Space Exploration pus, Torino, Italy 

AbSciCon 2019 24-28 June Hyatt Regency Bellevue, Bellevue, 
Washington, USA 

16th International Planetary 8-12 July Oxford University, Oxford, UK Abstract submitted 

Probe Workshop 

AOGS 16th Annual Meeting 28 July — 2 August | Suntec Singapore Convention & Exhibi- | One invited and ac- 
tion Centre, Singapore cepted 

EPSC-DPS Joint Meeting 2019 15-20 September | Centre International de Conférences de | Session proposal 
Geneve (CICG), Geneva, Switzerland submitted 

AIAA/SAE/ASEE Joint Propulsion | 19-22 August JW Marriott, Indianapolis, Indiana Abstract accepted 

Conference 

Interstellar Probe Exploration October Explorers Club, New York City, USA In planning 

Workshop 

70th International Astronautical | 21-25 October Walter E. Washington Convention Cen- |Special session pro- 

Congress ter, Washington, DC, USA posal and abstracts 

submitted 

AGU Fall Meeting 2019 9-13 December Moscone Center, San Francisco, Califor- | Special session pro- 

nia, USA posal and abstracts 


to be submitted 


Of these 13 events, all were attended with presentations save (1) The Space Astrophysics Land- 
scape for the 2020s and Beyond, (2) the 13th Low Cost Planetary Mission Conference, (3) the 11th 
IAA Symposium on the Future of Space Exploration, (4) AbSciCon 2019, and (5) the 16th Interna- 
tional Planetary Probe Workshop. These are all well-attended events, and several of the team’s 
appearances resulted in invitations for follow-on presentations at future conferences. 


9.3. Mission Study Relevance 


The study team’s work in 2019 resulted in a full “menu” of options, some combination of which 
could be technically realized by an interstellar probe mission during the time span of the next Solar 
and Space Physics Decadal Survey. Previous work had provided an updated, notional science trace- 
ability matrix (STM) as well as notional instruments, which could accomplish some of the required 
measurements. This survey of the state of the art in instrumentation (i.e., technology readiness 
level [TRL] of 6 or higher) suggests that a full “wish list” of science instrumentation may be too 
high by a factor of ~2—3 in mass and power. The situation is not unlike that encountered in the 
previous Interstellar Probe Science and Technology Definition Team (IPSTDT) work of 1999 or in 
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equivalent NASA studies conducted for various similar studies for Parker Solar Probe (e.g., Axford 
et al., 1995; Feldman et al., 1989; Gloecker et al., 1999; McComas et al., 2005, 2008). 


Previous work also considered a “slate” of ideal mission trajectories to map out “performance” 
versus launch dates, where “performance” was quantified by the asymptotic escape speed from 
the Sun’s gravitational field. This included a first cut across three mission options, all of which 
required close flybys of the planet Jupiter. A total of 31 launch-stage configurations were identified, 
but these were not thoroughly vetted across all possibilities because of lack of time and funding. 
In addition to a fairly in-depth consideration of the SLS Block 1B Cargo configuration, initial con- 
versations were carried out with Blue Origin and Airbus. This follow-on work has enabled more 
detailed discussions with launch vehicle suppliers and kick-stage/upper-stage vendors as well as 
more robust performance estimates, e.g., by looking at radiation exposure limits at Jupiter, keep- 
out zones for trajectories due to Jupiter’s dust rings, limitations imposed by realistic launch win- 
dows and delivery of radioisotope power systems (RPSs), and consideration of a variety of target- 
ing and mission strategies. 


All such studies help to better inform the next Solar and Space Physics Decadal Survey, other com- 
munities (e.g., the Outer Planets Assessment Group [OPAG]), and competed NASA panels such as 
a future potential Science Definition Team (SDT) and/or Science and Technology Definition Team 
(STDT), which NASA may or may not choose to convene in the future in considering an interstellar 
probe. 


The team’s progress and output produced sufficient interest to garner an invitation to provide a 
briefing on the study to date to a joint session of the Committee on Solar and Space Physics (CSSP) 
and the Committee on Astrobiology and Planetary Sciences (CAPS). The briefing took place on 27 
March 2019 in Washington, DC, as part of the Space Science Week meetings of space science 
discipline committees of the Space Studies Board (SSB). 


9.4. Building on the Parker Solar Probe Experience 


Given the institutional experience of APL (dating back to 1977) and of the PI of this proposal (dating 
back to 1993, cf. R. L. McNutt et al. (1995)) with Parker Solar Probe, we believe it important in the 
proposed work to continue to use the lessons of Parker Solar Probe development up through the 
last Heliophysics Decadal Survey. The initial idea of a solar probe only predates that of an “outer- 
solar-system probe” by ~2 years (Chamberlain et al., 1958; Haviland, 1958) (and appendix of R. L. 
McNutt, Jr. et al. (2017)), yet the former was some 60 years in the making and went through four 
SDT/STDT studies before the final such study, begun in fall 2007, led to the basic configuration 
that became Parker Solar Probe, which was successfully launched on 12 August 2018 and came in 
under budget. That effort began as a 1-year engineering study in CY 2002 with a notional launch 
date of 2010. 


The stated core science goals changed little from the Solar Probe Science Workshop of May 1977 
through the final SDT exercise, which concluded in April 2008. Some of the most technically diffi- 
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cult investigations were dropped, namely the direct measurement of the solar gravitational quad- 
rupole moment (J2), a very-high-resolution imaging system for resolving small-scale photospheric 
features, and using the tracking system to search for low-frequency gravitational waves. Two other 
goals, the measurement of solar neutrons and interplanetary dust near the Sun, were also consid- 
ered. The penultimate STDT report considered a white-light imager for the baseline payload to 
view the solar poles (McComas et al., 2005); the trajectory change that followed from the elimi- 
nation of an RPS for the power supply led to the deletion of that instrument in the final STDT report 
(McComas et al., 2008). NASA elected not to select either a dedicated neutron detector or a dust 
detector for the final payload as flown. 


9.5. Next Steps 


This experience maps fairly well into providing for early, robust feasibility assessment of the widest 
set of interstellar probe options that could be selected from by a future STDT and/or successfully 
used for reference by Decadal Survey panel members. Appropriate items for proposed and con- 
tinued study include, but are not limited to, the following: 


1. Further compilation of an appropriate “catalog” of high-TRL instrument types either previ- 
ously flown or in advanced development for flight for missions now in flight development. 
This activity began with many of the talks and posters, both invited and contributed, at the 
(then) most recent (2018) COSPAR and AGU Interstellar Probe sessions and at the (first in 
2018) Mission Science Definition Workshop. 


2. Higher-fidelity studies of the three identified mission options, including closure of staging 
designs for a variety of launch vehicles (including commercial), and higher-fidelity analysis 
of deep-space “storage” of kick stages (Options 2 and 3). 


3. In-depth exploration of coating materials, technology, and manufacturability for cost and 
lower mass for the TPS of Option 3. 


4. Case studies of sample mission targets and payload example masses across the mission 
options, including finite launch windows and changes in overall spacecraft mass beyond 
the notional “New Horizons”-like spacecraft used in the ideal studies just completed. 


5. Further and continuing engagement of MSFC as the SLS architecture and implementation 
plans mature. This also involves the early introduction of the SLS team to appropriate un- 
derstanding of Department of Energy (DOE) and other NASA and national policy issues that 
arise for a launch with an RPS. Because a high-energy launch vehicle that can be nuclear 
certified by the end of the decadal period is enabling for Interstellar Probe, as is the Next- 
Generation Radioisotope Thermoelectric Generator (RTG), early identification of issues is 
of importance to a robust mission study. The Multi-Mission RTG (MMRTG) and the en- 
hanced MMRTG (eMMRTG) both have insufficient design lifetimes (17-year design life) for 
Interstellar Probe. As a backup, a refurbished general-purpose heat source (GPHS) RTG 
with new 2?8PuQ2 fuel may prove acceptable, but further engagement of appropriate peo- 
ple at both NASA and DOE will be required. 
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6. Assessment of downlink capabilities using Ka-band and presumed Deep Space Network 
(DSN) assets as now projected for 2030 and beyond. This will draw on hardware imple- 
mentation on, and flight experience with, the telecommunications capabilities being used 
in flight on both the ongoing New Horizons and Parker Solar Probe missions. 


7. Acomprehensive mission engineering report and programmatic cost estimate using an ex- 


perienced APL team. 
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10. Summary 


In 2019, the Interstellar Probe study was funded through approximately April 2020 and approved 
for the funding proposed through the end of April 2022. This allowed the study team to advance 
significantly the discussion of science goals and corresponding instrument candidates and to sup- 
port the remainder of the tasks associated with spacecraft architecture and lifetime analysis. Given 
that the level and timing of funding was assured, the team could develop a more robust plan with 
appropriate milestones. The general plan, discussed above in section 9, has been in place for over 
a year (as of late 2020), and that plan continues to be the baseline for the study. 


The first two study workshops (in 2018 and 2019) have provided forums for the science and engi- 
neering communities to provide input to the study. That input has resulted in the general goals 
described in section 2. Section 3 discusses the expansion of the study trade space by reviewing 
cross-divisional science objectives that might be leveraged by an Interstellar Probe spacecraft as 
it traverses regions of the solar system on its way to the very local interstellar medium. Instrumen- 
tation is divided into two categories: a baseline (heliophysics only) mission and an augmented 
payload capable of meeting other cross-divisional science objectives, including those of both plan- 
etary science and astrophysics. A survey of instrumentation on past missions provides a basis for 
identifying instrument options for an Interstellar Probe baseline mission. Candidate instrumenta- 
tion for the augmented payload will be developed in late 2020 and early 2021. As examples, a 
science traceability matrix and model baseline payload are discussed in sections 5 and 6. These 
have been used as a Starting point, as the spacecraft architecture is developed and mission-design 
constraints are identified in the next phase of the study (in 2020 and 2021). The traceability from 
science objectives to corresponding measurement requirements discussed in this report will be 
further refined in 2020 and then used to begin the discussion of what could constitute notional 
mission success. 


Options for mission trajectories and how those options would impact science options are dis- 
cussed in section 4. As appropriate for this study, the rationale for choosing an asymptotic fly-out 
direction is based on data collected by the Voyagers, New Horizons, IBEX, and Cassini. Data from 
the latter two missions suggest trajectories that would allow in situ measurements of the “ribbon” 
or “belt” of energetic neutral atom (ENA) emission that intersects the ecliptic plane. In addition to 
satisfying the primary objectives of an Interstellar Probe mission, the trajectory could be designed 
to fly by one of the dwarf planets located in the Kuiper Belt (an augmented mission option). All of 
these options will be considered as the trajectory trade space is analyzed in more detail in 2020. 


The historical and technical background that motivates the current Interstellar Probe study, the 
analysis of mission-design options, and, from that, a set of guidelines for down-selecting “prag- 
matic” design options are provided in section 7. Section 11 contains a detailed history of the In- 
terstellar Probe concept, beginning with the growth of human understanding of the scale of the 
Earth to the distance to the nearest stars to put the idea of an interstellar probe into perspective. 
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The evolution of the idea of an interstellar probe as a practical space science mission, starting with 
the Simpson Committee’s 1960 report, through its many iterations leads into the review of mis- 
sion-design options. With the supporting analyses, these define the boundaries of practical solu- 
tions to the mission-design problem and the resulting trade spaces as input into the spacecraft 
architecture studies to be undertaken in 2020. The general trajectory options are a Jupiter flyby 
directly onto a solar system escape trajectory and a solar Oberth maneuver. The Jupiter flyby can 
be either passive or active (if an upper stage is carried until the spacecraft reaches Jupiter). Initial 
analyses have provided the results of a parametric study for multiple configurations of upper 
stages showing fly-out velocities for a passive Jupiter flyby as a function of launch energy (C3). For 
example, a C3 of ~300 km?/s* would allow a fly-out velocity of > 7 au/year. Similar analyses were 
performed (and documented in section 7) for a powered Jupiter flyby and for a solar Oberth ma- 
neuver. These last two options have engineering challenges, which affect the attainable fly-out 
asymptotic speeds. They will be analyzed in more detail and documented in 2020 and 2021. 


In addition to the development of the trade space defined by science and the trajectory, an addi- 
tional requirement of the study was specified to be a flight duration of 50 years. This duration 
allowed sufficient time for the spacecraft to reach the very local interstellar medium (distances of 
>120 au, the distance at which both of the Voyagers are generally thought to have passed the 
heliopause) and penetrate that region significantly past the projected distance anticipated for Voy- 
ager 1 (not greater than ~180 au from the Sun). Such distances are well within the mission-design 
boundary conditions defined in section 7. A lifetime study team has been established to under- 
stand better the challenges of a 50-year (by design) mission. This element of the Interstellar Probe 
study first focused on the “human element” (section 8) by drawing on experiences from the mis- 
sions of Voyager and Cassini as well as from the associated academic literature. The “human ele- 
ment” work will be continued in 2020 to distill the lessons to be garnered from this work into 
recommendations for mitigating the challenges implied for a 50-year mission. Two other aspects 
of the lifetime study task are to understand better the spacecraft reliability and ground sustain- 
ment challenges for an Interstellar Probe mission. These two elements of the lifetime study were 
begun near the end of 2019, and their status will be documented in the 2020 report. 


The 2019 effort has set the stage for trade studies to be performed in 2020 and 2021 to understand 
what options within the Interstellar Probe trade space are technically viable. With these options in 
hand, a cost estimate of a number of mission options will be developed in 2021. Cost estimates of 
a mission with the baseline instrumentation and passive Jupiter flyby and a mission with an aug- 
mented payload and passive Jupiter flyby will be developed. Depending on technical feasibility, 
both active Jupiter flybys and missions using a solar Oberth maneuver will also be costed. 
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11. Appendices: Background and Beginnings, Oberth 
Maneuver, and Escaping the Solar System 


11.1. Background and Beginnings 


11.1.1. How Far to a Star? 


What is rarely appreciated is how far our knowledge of distances has come over just the last century. 
In particular, actually knowing how far away even the nearest stars are is relatively new knowledge. 


As of the dawn of the 21st century, the scale of the universe is fairly well known. Details continue 
to be worked and surveys continue, but in terms of the basic distance ladder, from nearer stars 
directly measured, to absolute luminosity from Cepheid variable stars, to the standard candle of 
Type la supernovae, to the recession of galaxies and Hubble’s Law, the scales out to hundreds of 
megaparsecs are well known and understood (cf., e.g., Wikipedia, 2020c). 


This state of knowledge has been hard won over many years and operating at the edge of meas- 
urement technology. The story of the calculation of the size of the Earth by Eratosthenes is well 
known, although his book was lost in the fire of the library at Alexandria. The report of the story is 
known through a textbook by Cleomedes, who lived at least a century later and placed Eratosthe- 
nes’ calculation as having been made ~240 BCE. 


Distances to, and the sizes of, the Moon, Sun, and planets were the subject of speculation, which 
was accelerated by the acceptance of the Copernican, heliocentric model of the solar system with 
the then-known six planets. With Kepler’s Laws and Newton’s insights and mathematical theory 
of gravity and its consequences for planetary motion, the relative locations of the planets were 
well known by the early 18th century, but the absolute sizes of the planetary orbits continued to 
be debated. 


The astronomer Edmund Halley recognized that the observation of the transit of the planet Venus 
across the disk of the Sun by Horrocks in 1639 (cf. Chapman, 1990) revealed a way forward. 


Halley noted that by observing the upcoming transits of Venus in 1761 and 1769 from widely sep- 
arated locations of the Earth with the proviso that both ingress and egress be observed by the 
same observer, the parallax of the Sun, and hence distance thereto, could be measured (Halleio, 
1714; see also translation into English at Halley, 1809). The observations made during the transit 
of 1769 were of better character than those of 1761. Lalande (de Lalande, 1770a, 1770b, 1771) 
and others (M. K. Anderson, 2012; Vaquero & Vazquez, 2009) published coordinated calculations. 
By 1771, Hornsby (Hornsby, 1771) had provided a succinct summary of the various attempts and 
evaluation of the solar distance as “93,726,900 English miles.” More data and further refinements 
were made possible by the Venus transits in 1874 and 1882 (Harkness, 1891). 
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With an accurate value of the solar distance from Earth, a baseline could be established for search- 
ing for the parallax of stars, and then inferring their absolute distances from those measurements. 
Criteria for efficiently looking for stellar parallaxes were given by Struve in 1837 (Perryman, 2012): 


1. the star should be bright; 


2. it should be moving with a large angular rate across the sky (although this could be a rapidly 
moving star at a large distance, it was more likely to be “nearby”); and 


3. ifthe star was one of a binary pair, the two components should be well separated as judged 
by the time taken to orbit each other. 


Struve presented a parallax measurement for the bright star Vega, close to the correct value, but 
skepticism prevailed until his analysis using far more observations was presented in 1840. Credit 
for the first successful measurement of a stellar distance went to Friedrich Bessel for his measure- 
ments of the star 61 Cygni, the fastest moving star in the plane of the sky visible without a tele- 
scope. The measurement yielded a distance of 10 light years (F. W. Bessel, 1838; Friedrich Wilhelm 
Bessel, 1839, 1840). Soon thereafter, Henderson provided a distance to Aloha Centauri from 
measurements made several years earlier but only more recently analyzed, after his return from 
the Cape of Good Hope, as well as for the brightest star Sirius (Henderson, 1840). 


As with the initial measurements of Kuiper Belt Objects (KBOs) and exoplanets, initial stellar par- 
allax determinations were hard won, with less than 100 observations by 1901. In the same way 
that charge-coupled devices (CCDs) have provided a revolution in modern astronomy, photo- 
graphic plates provided a revolution as the 20th century dawned and helped to enable more rapid 
growth in the knowledge of stellar distances (Perryman, 2012). 


Of interest with respect to the nearer stars is the discovery of the (still) fastest moving star in the 
plane of the sky as viewed from Earth, aptly still referred to as Barnard’s Star (Barnard, 1916). 
Barnard discovered the star on photographic plates (it is not visible without a telescope), and it is 
a dim red dwarf. Given Struve’s second criterion (for large proper motion), Barnard shared the 
location data with Russell, who derived a parallax of 0”.70 + 0”.06, “which makes it nearer than 
any other known star except a Centauri” (Russell, 1917). A large parallax value was soon confirmed 
by Mitchell and others (Mitchell, 1917). Subsequent observations showed progression to a smaller 
value of 0”.555 (Wilson, 1921), close to the modern value. 


In 1915, Innes identified a faint star of large proper motion in the vicinity of Alpha Centauri (R. 
Innes, 1915). Vodte measured the parallax (Votte, 1917), noted the similarity to that of Alpha 
Centauri, and suggested an association. Innes made a measurement of the parallax, announced 
that the star was closer to the Sun than Alpha Centauri, and so suggested the name “Proxima 
Centauri” (R. T. A. Innes, 1917). By 1928, the association was established and the name Proxima 
Centauri was established for the then-closest star to the Sun (Alden, 1928); that “closest” desig- 
nation remains to this day. 
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One of the most difficult problems in the discussion of interstellar travel is providing an appropriate 
connection of the vast distances involved to “everyday” human experience. To provide this for the 
solar system “model” installed along the mall in Washington, DC, the “Voyage” project adopted a 
scale of 10 billion to one (Roman, 2020). That is, one astronomical unit, 149,597,870,700 m (IAU, 
2012, 2020) is just under 15 m. The current best parallax for Proxima Centauri is 766.41 + 0.91 mas 
(but see also the values listed in Benedict et al., 1999; Lurie et al., 2014), and hence at a distance of 
1.3048 pc (1.3063 pc to 1.3032 pc), the corresponding range in light years (ly) is 4.2506 ly to 4.4207 
ly. The corresponding “Voyage” model distance range is 4021 km to 4031 km, about the distance 
from Portland, Maine, to Vancouver, British Columbia (4026 km per (Time and Date AS, 2020b)). 
The corresponding “model speed of light” would be ~3 cm/s in the model. For the 40-ly goal set by 
Daniel Goldin in 1997 (to encompass 1000 stars), the scaled distance is 37,842 km—comparable to 
the ~40,000-km circumference of the Earth (hence 20 ly corresponds to 18,921 km, about the dis- 
tance from Monaco to Wellington, New Zealand—18,948 km (Time and Date AS, 2020a). 


It is against this backdrop that the discussion of realistic space missions must commence. But if this 
is the backdrop, the stage was already being set by a remarkable group of creative and inventive 
people as the 19th century turned to the 20th. And their ideas and insights were just as important 
in getting us to the present day of consideration of such missions to leave the solar system. 


11.1.2. Voyages extraordinaires, UccnedoeaHue MUpPOBbIX NDOcCMpaHcme 
peakmuéHbimu npubopamu, Wege zur Raumschiffahrt 


No one has ever thought that traveling to other stars—or even “just” planets—would be easy, but, 
that said, the physical realization is a lot harder still. Although the terminology “astronautics” was 
not introduced to the field by Robert Esnault-Pelterie until 1930 (Mike Gruntman, 2007), he in 
1913 (Esnault-Pelterie, 1913), Robert H. Goddard in 1919 (Goddard, 1919), Konstantin E. Tsiolkov- 
sky in 1903 (Tsiolkovskiy, 1967), and Herman J. Oberth in 1929 (Oberth, 1970), all working mostly 
in isolation, originated the field. Passage to a new generation was effected by mentorship: Frie- 
drich A. Tsander (Zander) by Tsiolkovsky and Wernher von Braun by Oberth. 


Of the four, Esnault-Pelterie, an aircraft designer and the fourth licensed pilot in France, used aer- 
onautics and airplanes to approach rockets and astronautics. Goddard, Tsiolkovsky, and Oberth all 
approached rocketry and astronautics ab initio, but they had two things in common: Jules Verne 
and a dream of traveling to the stars. 


History—the history of true events—is seldom simple, and this was certainly true of the evolution 
of Verne to his literary career. The keys were his notions of writing—and the long march to his 
literary debut; his idea “of inventing a new kind of novel, a ‘Roman de la Science’ (‘novel of sci- 
ence’), which would allow him to incorporate large amounts of the factual information he so en- 
joyed researching in the Bibliotheque”; and his to-be publisher Pierre-Jules Hetzel’s idea of the 
“Voyages extraordinaires (Extraordinary Voyages or Extraordinary Journeys)” series to which 
Verne was contractually bound (Wikipedia, 2020h). Of those, the key was the fourth, published in 
1865: From the Earth to the Moon: A Direct Route in 97 Hours, 20 Minutes (French: De la Terre a 
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la Lune, trajet direct en 97 heures 20 minutes)” (Wikipedia, 2020d), a fictional novel of a large gun 
in Florida and a fictional Baltimore Gun Club. 


Oberth read the book while recovering from scarlet fever in Italy while in his teens (NASA, 2010); 
Tsiolkovsky was at least partially inspired to write his 1903 tome to show that such a gun for space 
travel would not technically work (“The aspiration for the cosmic voyages was founded in me by 
the well known scientific fiction writer Jules Verne. He aroused my mind to work in this direction. 
Behind the desires, the activity of brain sprang up. Of course, it could have led to nowhere, if 
assistance from science had not been forthcoming” (Tsiolkovskiy, 1967); but the case of Goddard 
was more complicated. 


Verne inspired H. G. Wells, who had captured the public imagination with his novel The Time Ma- 
chine in 1895. With an education in biology, in speculating about the causes and consequences of 
something that depopulated London: “during a walk on nearby Horsell Common near his home in 
Woking, Surrey, ‘there came to me suddenly a vivid picture, clean into my head, of the invaders 
just arrived in one of those inter-planetary cylinders which | borrowed from their inventor, Jules 
Verne.’ For him, Mars was the obvious choice as it was the only planet like Earth. He acknowledged 
that the evolutionary process would make the Martians different, so he did not make them human. 
Finally, the heat-ray was used by Archimedes, and chemical black smoke was an old idea of Wells” 
(HistoryHouse, 2020). The War of the Worlds was published by Wells in 1898. Goddard read the 
novel, and on 19 October 1899, he began his own quest to begin the road to Mars (Lehman, 2020). 


In the transition from the 19th to the 20th century, there was one other key ingredient, coming 
from research in basic physics. The beginning of that thread began with Becquerel’s discovery of 
radioactivity in 1896 (Becquerel, 1896). This began the long road to nuclear physics with the dis- 
covery of polonium and the invention of the word “radioactivity” (Cai, 2008; P. Curie & Curie, 1898) 
and the discovery of radium (P. Curie et al., 1898) and its isolation and the identification of it as an 
element (Curie, 1902), followed by the isolation of the element itself (M. P. Curie & Debierne, 
1910). The discoveries and new speculations came rapidly, including the identification of the ac- 
tivity of radium as due to transmutation of elements involving the ejection of extremely energetic 
helium nuclei (Rutherford & Soddy, 1902a, 1902b). 


The possible applications for space travel were seized on immediately first by Tsiolkovsky and soon 
after by Goddard. 


Tsiolkovsky’s seminal work UccnedogaHue MUPOBbIX NDOCMpaHcme peakKMUBHbIMU NpUbOpamu 
“Issledovaniye mirovykh prostranstv reaktivnymi priborami,” translated into English as “Study of 
outer space by reaction devices” (Tsiolkovskiy, 1967), was published in Russia (and in Russian) in 
1903. This English collection version (also published together in the Soviet Union in 1967) is the 
translation of “Investigation of outer space by rocket devices” of 1911. In the section “Future of 
reactive devices” of that work, Tsiolkovsky notes (p. 185) (Moiseyev, 2015): 


It is thought, that radium, disintegrating continuously into more elementary matter, liberates from it particles of 


different masses, moving with amazing, unconceivable velocities, close to the velocity of light. For example, the helium 
atoms being released at this stage, move with a velocity of 30-100 thousands kilometers/second, the atoms of helium 
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are four times heavier than the atoms of hydrogen; other little particles liberated by radium are 1000 times lighter than 
hydrogen, but they move with velocities of 150-250 thousand kilometers/second; the total mass of these particles (elec- 
trons) is considerably less than the mass of the atoms of helium. These velocities are 6-50 thousand times greater than 
the velocities of gases, flying out of the muzzle of our reaction pipe. 

Therefore, it [sic] it were possible to accelerate sufficiently the disintegration of radium or other radioactive bodies, 
(such are probably all the bodies), then its use might give-in similar other conditions, see formula (35) a velocity of the 
reactive device, by which access to the closest Sun (star) would come down to 10-40 years. 

Then, a pinch of radium (see formula 16) would be sufficient, to enable the rocket weighing a ton, to break all 
relations with the solar system. 

It is possible that future advancement of science will show, that all this, is far from reality but it is good that we can 
even now dream of it. 

It may be, that with the help of electricity, it will be possible by and by, to impart tremendous velocity to the parti- 
cles, being ejected from the reactive devices. And now, we know, that cathode rays in Crook's tube, like the rays of 
radium, are accompanied by a flux of electrons, the mass of each of which, as we have mentioned, is 4000 times less 
than the mass of an atom of helium, and whose velocity reaches 30-100 thousand km/sec, that is, it is 6-20 thousand 
times the velocity of the common combustion products, flying out from our reaction pipe. 


The problem, of course, with a “radium rocket” is that while the exhaust speed has the right mag- 
nitude, the effective mass ratio is exceedingly low (and the “engine” is extremely radioactive 
(Forward, 1996; Short & Sabin, 1959-60)). 


On 14 January 1918, Robert Goddard initiated the discussion of interstellar travel when he asked: 
“Will it be possible to travel to the planets which are around the fixed stars, when the Sun and the 
Earth have cooled to such an extent that life is no longer possible on the Earth?” (Goddard, 1983). 
He posed an answer as well: 


To answer this question, it is necessary to answer two others; first, will it be possible to unlock, and control, in- 
traatomic energy? and second, if the first cannot be answered in the affirmative, will it be possible to reduce the proto- 
plasm in the human body to the granular -state, so that it can withstand the intense cold of interstellar space? It would 
probably be necessary to desiccate the body, more or less, before this state could be produced. Awakening may have to 
be done very slowly. It might be necessary to have people evolve, through a number of generations, for this purpose.... 

If it is possible to unlock, and to control, intra-atomic energy, or even to store up to great quantities of energy in 
artificial atoms, the transportation can be a comparatively simple matter. 

.. If it is not possible to obtain and control atomic energy, hydrogen and oxygen, burned and ejected from a magazine 
rocket apparatus must be used, aided by solar energy, to get up speed, and leaving the Solar System with such a velocity 
that, at a great distance from the Solar System, the speed will be 3 to 1 0 miles per second. This will, of course, necessitate 
a very large apparatus, initially, unless solar energy can be used over a considerable time, to get up speed, either by 
passing through the Solar System from end to end, crossing as far from the Sun as possible, or spiraling outward until 
sufficient speed has been obtained. 

The pilot should be awakened, or animated, at intervals, perhaps of 10,000 years for a passage to the nearer stars, 
and 1,000,000 years for great distances, or for other stellar systems. To accomplish this, a clock operated by the change 
in weight (rather than by electric charges, which produce too rapid effects) of a radioactive substance, should be used. 
Any substances to be used as a spring should be tested for permanent set at low temperatures. It might be necessary to 
use the pressure of the gases generated by the radioactivity. This would amount to a radium alarm clock. 


The later idea was explored in 1929 by J. D. Bernal (1969), who echoed these sentiments with the 
idea of a huge “world ship” that could take an appreciable fraction of humanity to another star 
system. The problem of the extinction of the Sun was also touched on by Tsiolkovsky by 1926. 
However, the quantitative magnitude of the problem was not addressed by Goddard, Tsiolkovsky, 
or Bernal. 


The “world ship” idea (Figure 11-1) continued to surface ever so often both in futurist writings 
(Asimov, 1966; Cole, 1965) as well as in science fiction (Aldiss, 1960; Heinlein, 1965). 
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Figure 11-1. Hollowed out “world ship” for human space transport. External (left) and internal (right) 
views. Original artwork by Roy G. Scarfo and text by Dandridge M. Cole (Cole, 1965). 


In reviewing a table of contents for a planned book Flights to Other Planets and the Moon in 1925, 
Tsander touches on relativity, atomic power, and interstellar flight for two chapter titles (Tsander, 
1967): 


XII. Reaching other solar systems by atomic energy or special energy from decomposition of radium. 

XIII. Slowing of life and possibility of returning to earth alive after millions of years, by flying at velocity near the 
speed of light, according to Einstein's theory of relativity. 

Possibility of flying through all of interstellar space. 


This is perhaps the first written reference of making use of relativistic speeds and time dilation to 
enable human flight within a lifetime between different star systems. In his 1929 essay, Bernal 
considered the speed issue in the context of his “world ships” (Bernal, 1969): 


Interstellar distances are so large that high velocities, approaching those of light, would be necessary; and though 
high velocities would be easy to attain—it being merely a matter of allowing acceleration to accumulate—they would 
expose the space vessels to very serious dangers, particularly from dispersed meteoric bodies. 


Extensions of both the special and general theories of relativity to uniformly accelerated reference 
frames (Marder, 2008; Marsh, 1965) had been well known for over a decade by that time (Born, 
1909; Kottler, 1914a, 1914b, 1916, 1918; Romain, 1963) but applied only to problems of funda- 
mental physics. 


The study of relativistic space travel and its consequences for rocket systems began in earnest in 
1946 (Ackeret, 1946, 1947), soon followed by considerations of nuclear energy for powering rock- 
ets (Shepherd & Cleaver, 1948a, 1948b, 1949). An explicit in-depth study of these two combined 
fields was carried out by the founder of modern Chinese astronautics H.S. Tsien (Tsien, 1949). 
Shepherd considered the general problem of relativistic interstellar travel (Shepherd, 1952) and 
noted the “ultimate” propulsive concept of the “photon rocket,” as introduced by Sanger (Sanger, 
1961, 1961-2, 1963; Ernst Stuhlinger, 1959) and also studied by Peschka (Peschka, 1956). Even 
more novel was Bussard’s concept of using fusion of interstellar matter in a “ram-jet” mode 
(Bussard, 1960). 
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Although studies of the general problem continued (Dole, 1964; Forward, 1975), it became clear 
that even with multiple nuclear stages (Spencer & Jaffe, 1962), the profound energy requirements 
for relativistic travel were, and continue to be, a significant limitation (Asimov, 1966; Purcell, 1963; 
Sagan, 1963; Sebastian von Hoerner, 1962). 


11.1.3. Oberth Maneuver 


A means for rapid solar system escape appears to have originated with Hermann Oberth in the 
publication of his work Wege zur Raumschiffahrt (Ways to Spaceflight) published in Germany in 
1929 (Oberth, 1970). On page 198 of the referenced translation, Oberth provides the following 
gedanken experiment with the introduction: “As is apparent, we have so far dealt with matters of 
pure definition. That changes, however, as soon as we are dealing with a body moving between 
different reference systems. Let us demonstrate it by means of a mental experiment.” (It is per- 
haps interesting to note that the comment about the different reference frames foreshadows the 
use of gravity assists for enabling space missions, a concept that was not put forth until the early 
1960s by Minovitch.) 


Oberth posits an astronaut living on an asteroid 900 astronomical units (au) from the Sun. He notes 
that the orbital speed will be 1 km/s and the period of revolution about the Sun will be 27,000 
years. The astronaut wants to fly to a fixed star 10° km away (which Oberth notes is about the 
distance to “Regulus in the Lion”). The target star lies in the orbital plane of the asteroid, and the 
astronaut has at his disposal a rocket capable of delivering a velocity change of 6 km/s. The Sun, 
asteroid, and target star are in a line in that order. Oberth poses the question “How can our astro- 
naut get to the distant fixed star fastest?” 


Oberth gives the answers in “obvious” order: 
1. Start right now because you are closest; reach the star in 5,555,000 years, or 


2. Wait for 20,000 years—% of an orbit—so that the asteroid’s velocity adds to the velocity 
of the astronaut’s ship; reach the star in 4,760,000 years plus the 20,000-year wait. 


But he then concludes that neither of these is correct and the correct answer is to use 1 km/s of 
propellant capability in the direction opposite to that of the asteroid’s motion and fall to “the edge 
of the solar corona” in a very elongated ellipse. At perihelion, the speed will be ~500 km/s, at 
which time the remaining rocket fuel is used to boost the speed to 505 km/s. The difference in 
incoming and outgoing kinetic energy amounts to an asymptotic speed away from the Sun of 
70.9 km/s, cutting the transit time to a mere 470,000 years. 


Oberth remarks: 


The first time | made this calculation, | believed nothing else in the first minute but that here the law of the conser- 
vation of energy was broken, or at least that one could gain work at the cost of energy stimulating the field of gravity 
somewhat similar to the work performed by an electromagnet which is counterbalanced by weakening of the stimulating 
current. But neither is the case. The fuels have performed the whole work alone. Beside their energy of combustion, they 
contained potential energy, since they were so high above the sun to begin with. 
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The real issue, of course, is how close one can really get a spacecraft to the Sun to take advantage 
of a propulsive maneuver in the Sun’s gravity well given the thermal environment. Nonetheless, 
the invention of “the Oberth maneuver” was as fundamental a recognition as were Hohmann’s 
discovery of minimum energy transfer orbits some 4 years earlier (Hohmann, 1960),* and Mi- 
novitch’s discovery of the (passive) gravity assist in the early 1960s (Dowling et al., 1990, 1991, 
1999; M.A. Minovitch, 1961; Michael A. Minovitch, 1963). 


Aside from a few discussions of interstellar travel based on some version of nuclear power 
(Ackeret, 1946; Bussard, 1960; Peschka, 1956; Shepherd, 1952), discussions of solar-system-es- 
caping probes came onto the scene gradually’ and always within the context of a solar probe going 
inward from the Earth and toward the Sun (Charles F. Hall et al., 1962; Ralph L. McNutt, Jr. et al., 
2017).? A spacecraft with sufficient launch energy to launch toward the Sun and reach a perihelion 
of 0.2 au could launch outward and escape the Sun’s gravity altogether (Matthews & Erickson, 
1964). The key problem was propulsive capability; a Saturn C-1 plus upper stages using liquid hy- 
drogen (LH2) fuel and liquid fluorine propellant (LF2) were suggested to provide the propulsive 
capability (Charles F. Hall et al., 1962). Subsequently, Minovitch pointed out that a Jupiter gravity 
assist (JGA), the mass of Mars being insufficient to provide the required trajectory deflections 
(M.A. Minovitch, 1965), could enable all three of the difficult “special probes” flagged by the Space 


1 Originally published in German: Die Erreichbarkeit der Himmelskérper. R. Oldenbourg (Munich, Berlin), 1925. 

* The first written mention seems to have been at the 7th meeting of the Space Studies Board (SSB) in Washington, 
DC, in March 1960. One of the committee reports notes a group of “Special Probes” including “b. Outer solar system 
probe: to be aimed away from the Sun in the plane of the ecliptic. (It is hoped that motion away from the Sun to the 
extent of 5 or 6 astronomical units per year could be accomplished by 1965).” The speeds noted would be sufficient 
for solar system escape. 

3 More details on the studies performed are given by Matthews and Erickson (Matthews & Erickson, 1964). They note: 
“The studies of this mission were made at the NASA-Ames Research Center and by Ames contractors in 1963. Four con- 
tractual studies were made -- one, under the direction of Dr. R. Grant Athay and Lewis L. House of the High Altitude 
Observatory at Boulder, Colo., reviewed possible experiments oriented principally to solar physics for a close-in solar 
probe. The other three were four-month studies by industrial contractors -- Missile and Space Div. of General Electric at 
Valley Forge, Pa., Martin Co., Space Programs Div., Baltimore, Md., and the Western Development Laboratories of Philco 
Corp., Palo Alto, Calif. The Minneapolis-Honeywell Regulator Co. also studied this mission and made the results available 
to NASA. ... The initial constraints placed on the studies were that the spacecraft and its subsystems have an operational 
lifetime of one year, that the communications and tracking systems be compatible with the operation of the Deep Space 
Information Facility (DSIF) of NASA, that launch be from the Atlantic Missile Range (AMR), and that boosters be restricted 
to the Atlas/Agena and the Atlas/Centaur, both with a solid rocket motor as a final injection stage. Subsequently, the 
studies were expanded to include some work on the mission directed away from the Sun (antisolar mission).” 
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Studies Board (SSB) in its 1960 meeting* without relying on such large and exotic launch vehicles 
and stages.° 


The use of a close solar flyby (CSF) was revisited by Ehricke in 1971 (Krafft A. Ehricke, 1971) but 
with cautionary notes on the required near-Sun thermal and propulsive technologies that would 
be required to implement it. 


On the technology side, the renewed interest in “interstellar precursor missions” (Jaffe et al., 1977; 
Jaffe & lvie, 1979; Jaffe et al., 1980; Jaffe & Norton, 1980) (largely spurred by the upcoming Pio- 
neer 10 mission) led to a focus in the 1970s and 1980s on the use of nuclear electric propulsion 
(NEP) to achieve the large solar system ejection speeds from long periods of low thrust 
(Etchegaray, 1987; Nock, 1987; Pawlik & Phillips, 1977; Phillips & Pawlik, 1978) with specific im- 
plementations looking forward to the SP-100 nuclear space reactor, which had begun develop- 
ment (Deininger & Vondra, 1988, 1991).° 


lt had become clear that any use of an NEP system for propulsion would be heavy, and expensive, 
and the science community, already looking to a more ambitious mission before the Pioneer 10 
launch (Dessler & Park, 1971), had begun to focus on a small and, hence, less-expensive (“cheap”) 
implementation of such a mission (Allen et al., 1976).” With such “boundary conditions,” the use 


* Item b “outer solar system probe” became the center of the Advanced Pioneer program and was flown as Pioneer 10 
(C. F. Hall, 1974). Item c “probe ‘perpendicular’ to the ecliptic” was investigated in the United States using the Pioneer 
bus (Christiansen et al., 1971). Item a “solar probe” was changed from a Jupiter-flyby strategy (McComas et al., 2005) 
to a multiple-Venus-flyby strategy (McComas et al., 2008) because of the lack of radioisotope power supplies for the 
mission. 

° Rocket stages using LF2 as the oxidizer were found by both the U.S. Air Force and Soviet Strategic Rocket Forces to 
be entirely too dangerous to use in a practical system (Sutton, 2006). 

6 The SP-100 project was eventually canceled (along with the other Strategic Defense Initiative tasks) at the beginning 
of the Clinton administration in the early 1990s in the wake of significant schedule slippages, cost overruns, and man- 
agement issues (The SP-100 Nuclear Reactor Program: Should It Be Continued?, 1992). A thorough vetting of NEP for 
flight by NASA under Project Prometheus in the 2000s confirmed the large mass and high cost of such systems and 
revealed gaps in technical readiness for flight (Ashcroft & Eshelman, 2006; Burdge & Levine, 2006; Taylor, 2005; 
Wollman & Zika, 2006); NEP is no longer under active consideration by NASA for any uses in the future. 


7 See page B-92: 
1069. Solar System Escape spacecraft: 


Small spacecraft with particles-and-fields instrumentation launched in 1980 by Titan-Centaur plus high-perfor- 
mance upper stages on a trajectory escaping solar system in general direction of solar apex. If mission launched in 
late 80's, electric propulsion, solar sailing, and/or Jupiter swingby could be used to reduce transit time to heliosphere 
boundary. Mission duration ten years or more. 


See page B-74 for traceability entries. 


Overlaps are with theme 9 (091, 093, and 094) and theme 10 (101 and 104). 
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Figure 11-2. (Left) NEP Interstellar Probe spacecraft concept of 1978 (Jaffe et al., 1980), shown dropping 
off Pluto Orbiter. The reactor and its coolant system and 15-m-diameter mesh high-gain antenna (HGA) 
(40 W, X-band system) dominate the configuration. (Right) The NEP system (using a reactor advanced 
past the “baseline” SP-100 design concept) for the Thousand Astronomical Unit (TAU) mission of almost 
a decade later (Nock, 1987) is dominated by a 5-m-diameter radio antenna for doing very-long baseline 
interferometry (VLBI) for studying interstellar scintillation and compact radio sources. Data downlink is 
via a 1-m-diameter optical communications system (Etchegaray, 1987). 


of an Oberth maneuver near the Sun was again under consideration (T. E. Holzer et al., 1990) (see 
also the Report of the Cosmic and Heliospheric Panel in volume 1 of the Space Physics Strategy — 
Implementation Study report to the Space Physics Subcommittee of NASA’s Space Science and 
Applications Advisory Panel, second edition, April 1991). A follow-up technical study noted 
(Mewaldt et al., 1995): 


To accomplish its scientific objectives, an Interstellar Probe should acquire data out to a heliocentric distance of 
~200 AU. To reach 200 AU within a reasonable mission lifetime (e.g., ~25 years or less), the spacecraft velocity must be 
several times greater than those of Pioneer-10 and the Voyagers, which range from 2.4 to 3.5 AU/yr. In order to minimize 
the time and distance to the heliopause, the general direction of the trajectory should be toward the nose of the helio- 
sphere, which corresponds to the ram direction of the inflowing interstellar gas. In the rest frame of the sun, the direction 
from which the interstellar flow is coming has ecliptic coordinates of +7.50 latitude and 254.50 longitude. 


“Advanced propulsion” was also considered, with the authors noting: 


The requirement to achieve escape velocities of -10 AU/year suggests that advanced propulsion concepts should be 
considered. Nuclear electric propulsion would appear to be well suited, but the time scale on which it will become avail- 
able is unclear. Solar electric propulsion would appear to have limited utility for a mission that must venture so far from 
the Sun. RTG-powered electric propulsion is an interesting possibility that warrants further study, since there will clearly 
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be excess RTG power early in the mission. Finally, calculations indicate that a solar sail might also provide more than the 
required acceleration if unfurled at several tenths of an AU from the Sun. While it is unlikely that the costs associated 
with the development of any of these new propulsion technologies could be borne by this mission alone, Interstellar 
Probe might provide a very attractive opportunity to test a new propulsion system prior to its use in other applications, 
such as a manned mission to Mars. 


These suggestions set the stage for further lines of inquiry during the following two decades for 
means of providing rapid solar system escape. 


One response to a NASA Research Announcement? was to study a dual-use “standardized” space- 
craft for implementing both a solar probe and an interstellar probe mission. The idea was to look 
at a small probe that could fire a kick stage at perihelion prograde to escape the solar system and 
retrograde to provide an aphelion of <1 au for a solar probe mission (the latter being an approach 
that had been discussed previously). 


Although the proposal was not selected for funding, preliminary work considered a perihelion dis- 
tance of ~4 solar radii (Rs), as had been discussed for a solar probe mission, enabled by a retro- 
grade JGA as discussed initially by Minovitch (M.A. Minovitch, 1965). It was estimated that a speed 
increase of ~3.6 km/s would be required at 4 Rs to provide a solar system escape speed of ~10 
au/year (R. L. McNutt, Jr. et al., 1997). 


A very simple scaling illustrates the magnitude of the issue. Suppose the solar perihelion distance 
iS fp, the mass of the spacecraft is m, the Newtonian Gravitational constant is G, the asymptotic 
escape speed of the spacecraft after the Oberth burn is Vesc, and the burn has an ideal impulsive 
value of AV (i.e., the impulse is applied instantaneously at perihelion with no gravity loss correc- 
tions). A final consideration is that the spacecraft “falls” to the Sun, beginning from rest, and so, on 
a parabolic orbit from infinity (“close” to Oberth’s 900 au); in the real case, the probe will be on a 
highly eccentric orbit with an aphelion at Jupiter (from the location of the retrograde Minovitch 
maneuver). Then, if Vis the (tangential) spacecraft speed at perihelion when the impulsive burn is 
implied, we have (also neglecting the spacecraft mass with respect to the mass of the Sun Ms): 


E=0=!my?-"S (1) 
Dp 
E + AE = +mVgZ, =im(V + AV)? - am = im(V + AV)? —2mV? x mV AV, (2) 


8 NASA Research Announcement NRA 96-0SS-03 released 20 February 1996; proposal submission deadline 20 May 
1996: “SPACE PHYSICS NEW MISSION CONCEPTS PROGRAM. This NASA Research Announcement (NRA) solicits pro- 
posals for concept studies for future U.S. flight missions in space physics whose subdisciplines are cosmic and helio- 
spheric physics; solar physics; magnetospheric physics; and ionospheric, thermospheric, and mesospheric physics. 
Grants of up to about $100K per year for up to two years will be provided to support studies of innovative missions 
that NASA might sponsor that promise breakthrough advances in one or more of these subdisciplines. Especially de- 
sirable are mission concepts that focus on interdisciplinary objectives for integrated research in space physics. Since 
low cost is a particularly important factor for the successful initiation of new space science programs, proposals for 
mission concepts that utilize hardware systems and/or management approaches promising minimal cost are espe- 
cially encouraged. Also encouraged are concepts that promote the development and/or use of new technologies to 
achieve miniaturization, cost reduction, and/or light-weighting compared to the current state of the art.” 
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where we have used the fact that AV << V. Hence 


1/4 1/4 
R 2GM 
Vese * Vesen = (2avy"? (Bs) ERE) 3) 


Introducing the escape speed Vsun from the “surface” of the Sun (defined as the distance from the 
Sun’s center to a solar radius of 695,700 km, from resolution B3 passed by the International As- 
tronomical Union in 2015), we have 


Voun = [pets = 617.6 km/s. (4) 


And so? 


— 1/2 Rs are = km 1/2 Rs a/4 = 
Vesco = (2Vsun AV)? (==) = 35.14(AV[E]) =) km/s = 


Tp 


/ 
7.413 (av ies)" (8) au/yr 5) 


In any event, the performance can never exceed what would be obtained for a spacecraft that 
“skimmed” the photosphere at rp = 1 Rs. For an escape speed of 21 au/year (100 km/s), one would 
require a AV of 8.1 km/s. To provide a rough estimation of the problem, if we set the required AV 
to the exhaust velocity of the rocket engine, the implied specific impulse is then AV/g = 825 s, just 
above the demonstrated value (~820 s) for the Phoebus 2A nuclear thermal propulsion (NTP) en- 
gine (containing ~300 kg of uranium) demonstrated in June 1968 under the Nuclear Engine for 
Rocket Vehicle Application (NERVA) program (LASL, 1969). 


11.2. General Issues for Implementing an Oberth Maneuver 


11.2.1. Jupiter Gravity Assist 


It can easily be shown that optimal performance for outgoing trajectories makes use of a Mi- 
novitch maneuver at Jupiter (prograde JGA); while tying the aim-point for the trajectory on the sky 
to the location of Jupiter, there is a significant gain in fly-out speed over the case of not using an 
optimized Jupiter flyby. 


What is not so obvious is that there is likely better performance in using all propulsive capability 
during the launch sequence from Earth while the launch stack is within Earth’s gravity well, rather 
than “saving” a stage to use a combined Minovitch-Oberth maneuver at Jupiter (powered, pro- 
grade Jupiter flyby). Soot checks with some simple assumptions indicate this is indeed the case, 
but a more definitive study is required because the properties of the launch stack used are not 
separable from the mission-design performance. 


° Standard definitions of units are used, including c = 2.99792458 x 10® ms*!; 1 (Julian) year = 365.25 days = 
8766 hours; 1 au = 1.495 9787066 x 10! m; 1 pc = 206,264.806 au. Thus, 1 au/(Julian) year = 4.740470461 km/s. 
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Here the only potential thermal issue is that of “storing” an upper stage in a cold soak during the 
transit from Earth to Jupiter, if it is not to be used until the Jupiter flyby (this is, of course, in 
addition to the addition of a critical event deep in Jupiter’s radiation environment from which 
there is no graceful recovery, and that cannot be tested before launch). 


11.2.2. Oberth Maneuver 


To execute an Oberth maneuver, it can easily be shown that a Minovitch maneuver at Jupiter 
(retrograde) is required to delete the heliocentric angular momentum picked up by a spacecraft 
from its launch at Earth in order to penetrate sufficiently close to the Sun to take advantage of the 
maneuver. This issue is well known from the multiple considerations of solar probe trajectories 
over almost six decades?? (to counteract the Earth’s orbital speed with a direct launch at 1 au, the 
required C3 would be ~900 km?/s*). The required C3 is ~100 km?/s? to reach Jupiter on a direct 
trajectory. Without this large a launch energy, multiple Earth and/or Venus gravity assists are re- 
quired to reach Jupiter; in those cases, deep-space maneuvers (DSMs) are required and additional 
fly-out time to the Sun is required up front). Hence, for an Oberth maneuver, minimization of the 
time from launch to the maneuver requires a direct trajectory from Earth to Jupiter, followed by 
a “fall” of the spacecraft to its perihelion near the Sun. The launch energy then limits the allowable 
mass of the spacecraft/kick stage stack that must be injected into orbit to Jupiter. 


An Oberth maneuver intimately ties together the mission design, spacecraft and kick-stage mass, 
and required thermal design. From equation 5, we want to maximize AV/r,”*. However, there is 
an implied trade due to the thermal constraint that the spacecraft and kick stage(s)—the latter 
providing the AV—must survive perihelion. The high temperatures require that some type of TPS 
must protect the stack through the perihelion pass. The closer the pass, the higher the tempera- 
ture on the TPS and the larger the solid angle subtended by the stack. Both considerations will 
make the mass of the TPS, mrps, a monotonically, but probably non-linear, decreasing function f of 
the perihelion distance rp (i.e., the TPS mass increases with decreasing perihelion distance). 


Before the burn, the kick stage (we assume a single stage, but the result can be generalized in a 
straightforward, if somewhat clumsy, way) has a total mass 


Minitial = Msnacecraft a5 Mkick-stage,empty ote Myropellant + Mpps, (6) 


10 The use of Venus gravity assists for both Parker Solar Probe and Solar Orbiter was entirely driven by the lack of 
radioisotope power systems (RPSs) for these missions. An interstellar probe will require an RPS in any case, and the 
Venus gravity assists are far less efficient, would require multiple Venus passes versus a single Jupiter pass, and thus 
require more “up front” time before an Oberth maneuver (Niehoff, 1966). Even for an infinite number of Venus flybys, 
the smallest perihelion reachable is set by the initial launch energy (Tanabe & Yokota, 1980). 
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and so, the AV is given (assuming no gravity losses) by 


_ Msnacecraft t+Mkick-stage,empty tM propellant tMTPS 
AVS Ge pe | Seater esteem propellants) (7) 
MsnacecrafttMkick-stage,eempty tMTPS 


As noted before, the escape speed Vesc is bounded from above by Vesca from equation 5, and we 
also have 


Mrps = f(t). (8) 
Combining equations 5, 7, and 8, we obtain 
5,2 
Vice Vane (2.0 playin (emsrecsis nckoatenets Magan ie “)) (2). 9 
spacecrafttMkick-stage,empty tf (Tp) Tp 


To simplify the notation—and better reveal the dependencies—introduce the propellant mass 
fraction of the spacecraft plus kick-stage stack 


Mpropellant 


Uy] 


MsnacecrafttMkick-stage,empty tM propellant 


and the mass of the TPS normalized to the fueled stack mass 


i) ee (11) 


Mspacecraft+Mkick-stageemptytMpropellant 
Equation 9 then becomes 
: 1/2 1/4 
as 1+f (rp) Rs 
Vese s Vesco = (2.0 gl.pln (sae Tp . (12) 
In principle, there is a maximum (at least an extremum, which is presumably a maximum) at 


Wesco = 0 (13) 
arp 


(again, ignoring the slight dependence of Vesco itself on rp); we then find 


(1 +f)(1 +f —n)in( re ) = —2nry (14) 


1+f—n p 


For an exercise based on the New Horizons spacecraft and its upper stage, we found (Ralph L. 
McNutt, Jr. et al., 2017) 


Rs 1.13 
We @aT73 (5) kg. (15) 


Tp 
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lf we estimate the Interstellar Probe wet mass with margin as ~585 kg, the third-stage wet mass 
as “2950 kg, the propellant mass as ~2010 kg, Vsun = 617.6 km/s, g = 9.81 m s~%, and the Isp as 
292 s, then we can solve equation 14 using equation 15. 


Using equations 11 and 15, we obtain 


fe 1973: (Re A pR (16) 
~ 585+2950 \rp ~ 1,994 \rp 
And so 
‘ 1.13 
d 1) Ree otf a 
' a ', ai = = = —f. (17) 
Tj —-*1.994 1.994 


Equation 14 now becomes a transcendental equation for f with the parameter 7, where from 
equation 10: 


— Higvgncnans _ 2010 _ 2010 _ ggg 18) 
Msnacecraft t+Mkick-stage,empty tM propellant 58542950 3535 
The optimum is then found via the solution of 
(1+f)(t+f-n)in(—+ ) = 2nf. (19) 


We can note that if f = 0, there is no solution (i.e., with no “constraint” of a thermal shield mass, 
there is no “optimal” solution). The best one could do would be to “skim the photosphere” at rp = 
Rs. Equation 12 becomes 


f 1 
2 
a ae (2¥s.n gl,pln (5) (2)* = = 545 = 115%. (20) 


This is close to the number that Oberth derived in 1929, but it still falls short of the 20 au/year we 
have been seeking. Again, this is with no TPS. 


The optimal solution of equation 19 for the given value of 7 is f = 0.67667, for which rp = 0.767 Rs 
(i.e., inside of the Sun). The solution is, of course, nonphysical, because f < 1/1.994 from equa- 
tion 16. This is similar to the well-known geometrical constraint in the Minovitch maneuvers that 
one cannot approach closer to the center of the planet than the planet’s surface! 


In terms of the normalized perihelion distance 


a 


p 


le 


(21) 


es) 
a, 
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and writing generically, 


a 

a _¢(1 
f=f(2) . (22) 

‘D 

Equation 12 becomes 
= 1 
1+f \\* (f\4a 1/2 2 on a 

Vesc S Vesco = (2s. gl.pln (24) (=) = (Vesa glsp) F(f; a,n, fo), (23) 


where the various masses and their scalings are isolated in the function F: 


Pian. fe) =(m(H5)) 24) 


and the characteristic Oberth speed can be defined as 


= 1/2 
Voberth = (2Vsun glsp) . (25) 


This parameterization separates the propulsion means (as embodied in the specific impulse) from 
the structural characteristics (which includes the thermal shield). The function F will change with 
most robust thermal and engine designs, while the characteristic speed is simply set by the maneu- 
ver itself and the rocket equation (ignoring gravity losses from finite burn time for the maneuver). 


For our case with a solid rocket engine, Voberth = 59.48 km/s = 12.55 au/year. The degradation due 
to the inclusion of the TPS can be evaluated by defining 


F(0;0,n, 0) = (1 (4)) (=)" (26) 


and using this in conjunction with equation 23. For the parameters assumed here, the perfor- 
mances with and without the TPS are shown in Figure 11-3. 


These curves provide an upper bound on the performance for the case cited. Note that twice the 
current Voyager 1 escape speed is “7.2 au/year. 
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Oberth Maneuver performance with thermal protection system 
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Figure 11-3. Variation of solar system asymptotic escape speed as a function of perihelion distance for 
asset of example Interstellar Probe parameters (see text). The green curve shows what could be obtained 
in the absence of a TPS. The blue curve shows the increasing impact of a notional TPS on performance 
as the perihelion distance decreases. 


11.2.2.1. Relativistic Oberth Maneuver 


Another idea that has surfaced from time to time that one should at least explore is how far one 
could really push the Oberth maneuver by making use of objects with even stronger gravitational 
fields than that of the Sun. A quick review of web entries shows that this is not a new idea, having 
been considered by others before. For completeness, it seems reasonable to at least take up 
the subject. 


The real question is then not only how higher gravity fields affect the results but also how these 
results are modified further by the effect of the super-strong gravity of a black hole, for which the 
full panoply of relativistic effects will also come into play. Because this is a gedanken experiment 
at best, we limit the treatment to that for a probe dropped into the gravity field of an uncharged 
black hole with no intrinsic angular momentum. The appropriate metric for our purposes is then 
the Schwarzschild metric (Schwarzschild, 1916) 


dr? 


(-#) 


saci S a - *:) edt = — r*d9? —r’sin70dq?, 
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where the Schwarzschild radius rs; is defined by 


As per standard procedure, we consider the orbit possibility of a test particle with m << M in the 
plane @ = ¢. 


There are two constants of the motion, the total energy E and the specific angular momentum 
L ee 
h= i rr. For the case here, we can take the reduced mass p to be that of the (vanishingly 


small mass of the) test particle m. 
This allows the metric to be written as 
r dt\? il dr\* dy\* 
o--9@) aS 
r dt (1 = “s) dt dt 
T 


and so yields an equation for the radial observer coordinate as a function of the proper time of 


the test particle 
dr\* E? Ts h? 
es) ery 24 
(=) m?2c2 (1 = (‘ : =} 


From this equation and the definition of the constant of motion of the energy in terms of the 
proper time t, both the coordinate time t and the proper time tT can be reduced to quadrature for 
the radial coordinate ras 


(fa 
9-0 eae 


Fairly simple analytic forms can be derived for cases for which the specific angular moment is zero. 
For the case at hand (we want to go near the hole, perform a propulsive maneuver, and then look 
at the final asymptotic state), the angular momentum is not zero. 


Hence, we can eliminate the dependence on proper time and derive a differential equation for the 
coordinate ras a function of the azimuthal coordinate @ 


(=) =(@ GS) = (F) -kee-0-B(e+ SG) 
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Spey) (- Toy) 


As with the time coordinate and proper time, the solution for the angular coordinate as a function 
of the radial coordinate can be reduced to quadrature 


: a (Dg) 


A complete analytic solution is available (Wikipedia, 2020f) using the standard technique for solv- 
ing the Kepler problem in classical physics by using the inverse radius u: 


and so 


Hence, we can obtain 


(2) — a ow a) 


or 


jee tu — wt nu 
a Ss 
ay Ol & 
or 

du,” 2 2 2 

(8) = [Sa] vm (eee 


Denoting the three roots of this cubic polynomial as U1, U2, and u3, we can rewrite this equation as 


(=) = 15 (u — u,)(u — uy) (u — us), 
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and from the standard properties of cubic equations we have for the sums and products of the roots 
a! _1iffe 2 wae 
Uz, + Uz + U3 = 7 and UzUZU3 = ~|() = 1| (S) : 


lf all the roots are real, then let u1 < U2 < Uz, and if there is only one real root, let that root be uz. 
The solution is then given by the Jacobi elliptic sine, or sinus amplitudinis, sn, via 


U =U, + (uz — u,)sn* (Ce Y;(Uz — Uy) + const), 


with const being the constant of integration and the elliptic modulus k (the square root of the 
parameter m) being given by 


For computational purposes, the Jacobi elliptic functions, which are related to the inverse of the 
incomplete elliptic integral of the first kind, are standard and given by, e.g., Wolfram, viz. Jacobi 
SN[u,m] gives the value of sn(u|m) (Wolfram, 2020). 


The full set of solutions is quite rich. The usual solutions for the precession of the planet Mercury 
(Einstein, 1916) and the bending of light by the Sun (F. W. Dyson et al., 1920), which were used as 
the initial tests of general relativity theory, the gravitational red shift (Popper, 1954), as well as the 
time delay due to the Sun’s gravity field (Shapiro et al., 1968) have all been based on the weak- 
gravity limit of the Schwarzschild metric. Here we are interested in the opposite situation to as- 
certain how the Oberth maneuver would be modified by strong gravity (and aside from the hazard- 
ous radiation and accretion disk environments near the event horizon of a real black hole). 


For the case at hand, we wish to consider a massive (i.e., non-photonic) test particle that comes 
in from a given separation and then goes back to an unbound infinite separation with a larger 
energy. To consider the analog to the limit of an Oberth maneuver, we take the initial condition 
to also be of an infinite separation but with zero speed relative to the attractive black hole mass. 
Hence, the initial total energy is just the rest mass (i.e., Einitia) = mc?). The final energy will be greater 
than this at a potential energy of zero. In the classical case, this simply corresponds to an incoming 
parabolic orbit and an outgoing hyperbolic one, the two being connected by a finite momentum 
increase provided by a rocket engine burn at closest approach to the gravitating object. In this 
initial treatment, we ignore the dissipation of any energy of motion inbound or outbound due to 
gravitational radiation, consistent with the small mass limit of our test mass (the spacecraft) com- 
pared with the mass of the black hole. Furthermore, we assume that the change in momentum 
due to the burn is itself sub-relativistic, i.e., Ap << mc, with m being the spacecraft proper mass 
before the burn (hence the relationship holds subsequent to the burn as well). 
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The magnitude of the evolution of the radial coordinate location with proper time is 


2 
a) Ge) CDS 
cdt) — \mc? fr eae 
but the actual variation must change from negative (initial ingoing) to positive (final outgoing) at 


closest approach (and the rocket burn). Hence, the general equation will have only one real route 
(corresponding to unbounded motion). 


We can rewrite the equation as 


(SY - [Ey -s2- Se 


For the incoming trajectory, the total conserved energy is just the rest mass and we have 


( dr ) _ h 
CAT? inbound c 


The turnaround point is fixed by the finite specific angular momentum h and is given by 


2 
1 1 1 1 
Tlimit 2rs 2 Ts 


2 2 
For the limit to be real, we also require (2) > 4(¢) , Le, * > SV. In practice, the angular mo- 


mentum cannot simply go to zero without escaping the black hole. Indeed, as with the limiting 
minimal value for the Oberth maneuver at the Sun (one cannot go closer to the center of the Sun 
than 1 Rs), similarly, there is a limit here. We can note that at r= r., the derivative can no longer 
change sign for a finite energy and so an inbound particle cannot escape the black hole. 


We can cast the radial “equation of motion” in terms of a pseudo-potential V, which we express 
in units of the Schwarzschild radius 

re 

crs 


(5) - (6) >} 
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where 


The resulting roots are 


Foneroter = (2) la ¢ [x a(G)| 
2 


which for 7 « * reduce to Tinner © s¥, and Touter © 21% (4) . These also locate two possible cir- 
cular orbits: an unstable inner one and a stable outer one. In any case, h/c must exceed V3 rs, for 
which otherwise the angular momentum is insufficient for the test particle to evade capture (a 


metastable circular orbit exists at 3rs for this case). 


But all of this introduces another complication. For test particles with finite mass, the potential 
barrier must have at least a value of zero to prevent capture of a particle falling from infinity. We 
have two equations connected by the speed change, which increases both the energy and angular 
momentum at the point at which the proper radial motion is zero. 


eee, = (Fee) = | Ee 1 = (Banaue) 4 (Nanoune)” 
cdt mc? @ ) (é : 

Ts Ts 
(oun [(Seuname) _y] 4 (Reuggwna)” (Coupuens) 
cat = mc2 (1) a (x) 

s Ts Ts 


Suppose the initial total energy is just the rest mass. Then the radial proper velocity is just twice 
negative of the potential, i.e., the inbound equation is 


eZ 2 
d zZ 1 (Huapound ) (Huanound ) 
( “aly = CTs CTs 
cdt eye ee 
Ts Ts 


The corresponding roots are just 


2 2 
TOUG 2.4 (Rinbounet) 14+ 41-4 (_—_) 
i. 2 CTs — Rinbound 


11-22 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6GAA01C 
For an approaching unbound orbit, the closest approach to the black hole that can be reached is 
just twice the Schwarzschild radius, and this occurs for “inbound minimum = 2. Smaller values of the 


inbound angular momentum result in the test particle going over the event horizon into the hole. 


At this location, the proper velocity is entirely azimuthal, and the speed increase will occur parallel 
to that velocity, increasing both the angular momentum and the energy. At the turning point, the 
energy and angular momentum after the burn are related by 


2 2 2 
( dr ) = (“2utvoune) a (1 7 =) 1+ Noutbound 
cdt mc2 ir Cre 
and with the proper velocity all azimuthal and the transition occurring at twice the Schwarzschild 
radius, we have 


2 
= (asenay ah 124 Aoutbound 
mc? 2 Ac*rZ 


or 


Eoutbound 5 1 hotitnouna 

mc 4c¢*ry 
The components of the proper velocity, or celerity, provide the increments in radial and transverse 
(azimuthal) distance per increment of clock time on the moving observer. As such, they provide 
the components of momentum per unit mass of the moving test object, and they can also be 
related back to the constants of the motion E and h via the components of the local velocity v 
(being the components of the rate of change of the test object as referred to the distant, stationary 
coordinate clock time). 


We can write 
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and 


with components 


_ 2 
Exinetic = mc ( 


a 1) 
vj 1-v2 /c2 


and, from above, 


Yor _ 1 (tintouna)” 1 4: Bl ee 4( CTs yi 
Ts 2 Crs Rinbound f 


From these formulae, we can calculate the speed at the time of the maneuver burn as 


v hinbound Ts 


ine crs To1 
Cc 2 ; 
14 (inbound) CaN 
Crs To1 


Three sample analytic values are given by 


inbound FOL, io 

CTs Ts Cc 

2 2 1/V2 = 0.70711 

5/2=2.5 5 1/V5 = 0.44721 
29/10 = 2.9 29/4 = 7.25 2/V29 = 0.37139 
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At the Oberth burn, the angular momentum per unit mass and the energy are both changed in a 
discontinuous fashion. Some more thought regarding how this works in the various reference 
frames is warranted, but suppose the burn is a very sub-relativistic 4 km/s as could be applied with 
a simple solid rocket engine. As a fraction of light speed, the burn is 1.33426 x 10°. For the closest 
and therefore most pressing case, the speed is 0.707107, and a simple addition gives the resultant 
speed as 0.707120. However, a proper addition of speeds related to the far frame yields a speed of 
“only” 0.707113 due to the finite speed of light in the local frame at the burn time. From the in- 
creased energy, we can deduce a speed of 1302.26 km/s far from the black hole. For the Sun, the 
Schwarzschild radius is 2.953 km, and the nominal solar radius is ~235,572 times the Schwarzschild 
radius. For the same burn at perihelion there, we obtain an asymptotic fly-out speed of 70.41 km/s. 


If we go back to equation 5, we see that for a burn of 4 km/s applied at 1 Rs, the simple treatment 
gives an asymptotic fly-out speed of 2 x 35.14 km/s = 70.28 km/s. Similarly, reducing the closest 
approach distance by a factor of 235,572 (to the Sun’s Schwarzschild radius) would increase this 
speed by the fourth root of that factor (i.e., by a factor of 22.031) to 22.03 x 70.28 = 1548 km/s, 
higher than the relativistic correct speed. In this case, the smaller value is due to the application 
of the burn at an already relativistic speed of ~70% c, limiting the advantage of the 4 km/s burn 
due to the finite speed of light. 


In any event, even if one did have a “local” black hole with a benign environment near the horizon, 
a classic chemical rocket, in the best case of an ideal point burn, could only accelerate the vehicle 
to ~2000 km/s for a burn of 10 km/s, and this falls short of the possibility of “rapid” interstellar 
travel, given stellar distances in our local region of the Milky Way galaxy. 


11.2.2.2. The Orbit of a Free-Falling Massive Object from Rest at Infinite Separation 


The orbital equation in the Schwarzschild metric is 


(Fe) = [) -1] G+ (Qe e 


For our case of interest, the first term is identically zero and 


du’ 1 rsc\* 2 
(i) =u (e) -ar 


so that the root uz in the general solution is zero. The other two roots are given by the solution of 


the quadratic term and, therefore, are 
1+ ja—a(t82)" 


U — 
2,3 2Ts 
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For the closest approach solution u, = us = ee and 


SO 


ge ft du _ ed 2tanh"G/ru) 1 
p= te | at = Te > = F2V2tanh (/2n0), 


27s 


which is easily inverted to yield 


or 


*=2coth” (4). 


The corresponding orbit is plotted in Figure 11-4. 


r/r_s =2coth*2 (@/(2v2)) 


15 


10 


Figure 11-4. Orbit of a massive (i.e., non-photonic) mass, falling from rest at infinity toward a black hole. 
For angular momentum tuned to a minimum orbital radius of twice the Schwarzschild radius, the object 
never escapes back to an infinite separation. 
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No further simplifications follow, for r(t), r(t), or r(@), for the next set of algebraically simple roots 
Uz3 = = and a for which 


aS tenel @ : _1 
u = ssn (2) with k = =. 


Although inclusion of rotation can provide frame dragging within the Kerr metric (Kerr, 1963), es- 
pecially outside of the event horizon but still within the ergosphere (Wikipedia, 2020e), there is 
no readily obvious way one could take advantage of this effect via a rocket maneuver, and the 
interpretation of the effects near the event horizon is nontrivial (cf., e.g., Carter, 1968). 


(And do not even think of contributing to the income of one certain author (Essig, 2016); the mul- 
tiple repetitions of text and the pseudoscience promulgated through such works are yet one more 
problem in actually trying to accomplish technical things while an ill-educated (at best) audience 
holds the purse strings.) 


In terms of scaled coordinates: 


rFES @="= ru f=t tet 
diay” eae : PIE caihons oh 
(se) =[Gee) -1] G2) +2) -a +e 
And from 
dr \? e\2 ie he 
(=) (=) -(1-8)( +a] 
(ey = Ey -i]o 2 a? 
cdt) —_|\mc2 r r2 r3 
din” geyy 1 (du,* 
Ge) = aa) a Ge 
we obtain 
1 dai’ ox2 | SERRE pee. 
a (aa) =((%) -1|+ - (=) a +(S) 4, 
and with 


cdt ey 1 
cdt) — \me?/ (1 — 0)?’ 


11-27 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


we obtain the equation set to solve of 


(ip) = [Ge) 2] 2) 0G) ee 
~ 2 
a (cae) ~((ea) -1]+8-(G) # +) 


2 


i(Gp) ~ CY 0-0 (G5) - 4] +9-Gy +2} 


For a particle falling into the black hole from rest (from outside the event horizon), we have E = 
mc?, and so 


(2) = (2) aaa () -a+a’l 


Let a = "55, and put &@ = x*. Then di = 2x dx. Then a = 2dx, and so 


=| dx 
O°" | ae aae eat 


dx 
ct = 2a | ———_——— 
x4Va2—x*+ x4 


dx 
ct = 2a | 5 
x4(1 — x?)Va2 — x2 + x4 


All three integrals for arbitrary energy E can be integrated in terms of incomplete elliptic integrals 
of the first, second, and third kinds. 


The goal is to find a “compact” version of the integrals in terms of standard functions to ease 
calculation and minimize the possible chance of transcription errors. At least part of this effort can 
be mitigated with additional definitions of intermediate algebraic forms that show up in multiple 
places in the nominal solution. 

For simplicity, uuez =t,a = use as before, andé = eas — 1, so that a test particle with no ve- 
locity at infinite separation has only its rest energy, which is a constant of the motion and for which 
case € =0. 


11-28 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


The various alternative forms to be investigated can be written as 
dz 
we shape 2 2 3 
EA°+aA°Z —Z°4+Z 


dz 
ct = a |§ —_—_—______. 
Z*V ea" +a2z— 244273 
a dz 
ct = 


e+ ‘a — z)z*Vea? + a?8z— 72 +23 


In each of these, there is a characteristic cubic polynomial P(z) = €a* + a2z — z* + z? with non-zero 
roots Z1, Z2, 23, such that 


Z1 + Z2 + Z3 = 1 

and 
= 2 
212223 =—-éa". 


For the special case of € = O (test particle falling from infinity), the expressions simplify to 
dz 
co) = ————— 
VzVa2 —z+ 2? 


| dz 
ct =a | ————_—— 
Zol2q2 — 7+ z2 

dz 
ct =a. | —oq_e_i_ —_— 
(1 —z)z9/*Va2 -—z4+ 2? 


with the two non-zero roots of the characteristic polynomial given by 
Zy+Z,=1 

and 
Zita: 


Solutions can comparatively easily be written down for ~(z) and then inverted to yield z(@): 
dz 
p= SS 
Vea? +a2z—727 +423 


27] dx 
O° | Va aae eat 
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dx 
ct = 2a | ————_——_ 
x4Va2—x*+ x4 


dx 
ct = 2a f 
x4(1 — x?) Va2 — x2 + x4 


A search of the web with Google led to a posting on the Mathematics Stack Exchange 
(StackExchange, 2010). Although the subject integrand is the inverse of the case here, the steps 
given are the same required for the problem at hand, in both cases making use of a Mébius trans- 
formation of the integration variable. For the record, the calculation given at the referenced web- 
site is duplicated here using slightly different notation. 


The integral of interest is 


iE 
with 
P(z) = (a-—z)(b—z)(c —z)wherea>b>c=z. 


The substitution is the transformation 


b—c(22)\x  b—ck?x 
a = P se ee a-b 
2 Tb) Tae withm =k =o 
so that 
(a—b)?(b—c)* x(1—x) 
P(z) a eee 
(pce (1-k2x)3 
and 
_ (a-b)(b-c) 1 
02 =e) Gee 
Then 


[= =| dx = | ds =, 8 | dd = F(9,k) 
[P(z) ~ Yaq-e) (G-K@xy/2 fea) Va-c) (G-k@sG-s%) Va-c) [Gk @sin2) a 


To write the incomplete elliptical integral of the first kind with no additional constant offset, the 
angular integral should run from O to @. This corresponds to the limits of 0 to sin J for the integral 
in s, a lower limit of O in the integral over x, and a lower limit of b in the integral over z. 


Consider the general form 
P(z) = ea? +a*z-2z* +2, 
11-30 


INTEFSTELLAS 


PROBE 


NASA Task Order NNNO6AA01C 


x 2 
withz=a="2%=rnu,a =" ande = (,) —1. Hence, a>0, €20, andr varies between in- 
rT s h mc2 


finity and the outermost turning point in the motion, the largest value of r for which dr/dt = 0. This 
condition corresponds to the smallest root c of P(z). 


From Descartes’s rule of signs, there are at most two positive roots, and there is one negative root 
unless € = O. If we write 


then 


— +3 2-4 12 2_ 2 
PiLy=t +(a *)e+ (4a + €a =) 


The nature of the roots (two complex conjugates or all real) are determined by the sign of 
2 


3 2 2 3 12. e742 2\2 
p q\" _ (a*-1/3 ga tEa" 35 
(5) +(3) ={ 3 ) +( 2 iE 


which must be negative for all three roots to be real. 


The error in the treatment above is that we a/ways have the ordering in z-space ofa>b>z>O02c 
for the roots of P(z) as long as € = O, which is the case at hand here. This follows from the result of 
Descartes’ rule of signs, which, as we have noted, says that there must be one negative root. And, 
in the limiting case of our initial condition that € = 0, the minimum root is c = 0, and the ordering 
still stands. Hence, for both the incoming and outgoing trajectories, the mapping deduced above 
applies with the ordering and limits of equation 3.131.3 of (Gradshteyn & Ryzhik, 1980), viz. 


so that we obtain 
4 [z-c [b-c \ _ g(u)-eg(c), —— 
F (si [—, fc) = > Va-—c 


or 


= sin|p (22-eoyame, = )] = (2: -vame, =) 
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so that 


z=c+(b-—c)sn* (2-20Va —C¢, fs) 
which is the form (Wikipedia, 2020f) 


(uz — uy) 


u=u,+(u,—-—U sn? (3 r.(u3 —U + const) with k = ; 
1 t+ (uz — uy) a? (Uz — Uy) (us — us) 


although now the meaning of the const entry is clear. Without loss of generality, we can set ~(c) 
= 0 and write the inverted equation as 


z(p) =c + (b—c)sn? (sva —¢, = 
If we now take c = 0 for € = 0, we have 


z(~) = b sn? (2va fh 


sn (0) =O and sn(K) = 1, where K = K(k) = K(2) is the value of the complete elliptic integral of 


the first time. Hence 
2 b 
Pmax = ex( 2) 


Note that @max > © as b > a, that is, for test particles at the limit, the orbit is executed an infinite 
number of times without the test particle approaching more closely. Next, set T= 0 at @ =O (and 
hence at z = 0); then we can write 


p(t) d g(t) 
coef" ial ns* (2V4,[2) ay. 
0 sn4 (va ft) 0 


All of the integrals of interest with information can be located in (Byrd & Friedman, 1971), com- 
mencing with equation 233.00 (for z(@)), 233.18 for ct (referring to 366.03 with m = 2), and no 
explicit form for what we need for the integral for ct. Using equation 311.04, we can use the ex- 
pression for Ba for the expression for ct. Explicitly 
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yp(t)Vva/2 
o= 2 / ns*(u) du 
= Sq|(2+ F-20140 (2%, ft) 
~ an (2) cs (8) {ns? (M2) +242 alt 


So for 


spre otal de (J) -20-+2)¢( 8) 


The forms for ct and ct are types of hyperelliptic integrals. We can try the same approach for ct. 
Proceeding the same way as for the proper time, we obtain 


ct a 


~ (FI Wab? . 
What we actually want to compute is the complete integral 


K 
Cbg 2a | du 


and for ct: 
a dz a dx 


and with c = 0, an analytic representation can be written down, albeit a very complicated one, 
which we do not include here. 


It is now clear that the appropriate integrals can all be reduced to standard transcendental func- 
tions. However, for the case at hand, those forms are not very user friendly. 
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The key reference is the general solution of (Hagihara, 1931). Hagihara provides a solution and the 
history of that solution in references in chapter IV of his paper. His version of our three equations 
is given as his equation 49 with the function U(u) given in his equation 39a: 
2 2 2 
a a*(h;° —1 
Un a4ar Sar qe oe is SE) 
hy hy 


His corresponding system of equation 49 is 


hy = du 
a u2,/U(u) 
oe |, 
Ju@) 
du = hiCo 


j= 
(1—u)u2,fU(u) @hs3 


Here a is just the Schwarzschild radius rs with u = =, hi, h2, and h3 are constants of the motion; co 
is the speed of light; and the line element ds is just the speed of light times the proper time, viz. 
ds = cdt. By rotating the coordinate system so that the planar particle orbit is aligned with that 
system, the constant h2 can be eliminated and we can see that 


u-~t,a->fT,,Co > Cc, ds/cy > dt, h, > ee — 


in going from his paper to this one. 


Hagihara notes that (Forsyth, 1920) provided the exact general equation for the orbit (in terms of 
Jacobi elliptic functions). Forsyth also provided the small angle approximations of the general so- 
lution to recapture the advance in the perihelion of Mercury. (Morton, 1921) elaborates on those 
results to illustrate some of the extreme non-Newtonian orbits allowed mathematically in the 
Schwarzschild metric. Hagihara also notes that the variation of the radial coordinate with proper 
time was considered along with orbit itself by (Droste, 1917), who takes the equations of motion 
over into the formalism of Weierstrauss’s elliptical function ga(z), which can also be related back 
to the Jacobi elliptic functions. 


The approach is as follows. Let U1, U2, and u3 be the roots of U(u) = 0 (hence the same as our a, b, 


and c introduced above). Define x = u — ; and eé; = uj; — = for i= 1,2, 3. Then 


dx 


Vv (x =e) )(x = €2) (4 — eg) 
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and with 


le(2)I? = 41@(2)I° — g2.@(2) — gs 


for 


with which we can immediately write the solution 


_ pr Ps) 
ae. ( ey 
with 6, being a constant of integration and 
4 4a? 
32 3 hy? 
5 sat(it—3 
J a ees 
ee ay, hy? 


The equations for the proper time and the coordinate time now become 


1 grt a 8 8 
 [o(252)+a) +3) Vee ee) 
DE eS ee iwi!’ 
5-0 (4A) [o(4)+3] G-) +3) Ve-ae-ae- ed 


Recalling the associated functions (cf. equations 8.171.1 and 8.171.2 of Gradshteyn & Ryzhik, 
1980) 


UuU 


cw) =i-| (@@ - 2) az 


o(u) = uexp ne (6(@) — *) iz. 
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Note that 
df(u) _ na: ding(u) _ . aye si (Z) ~~ 
as (u) and Sa ¢(u) such that lim (¢(z) *) = land lim = 1, 


so we have the identity (cf. equation 8.177.3 of Gradshteyn & Ryzhik, 1980) 


_ eG) 
C(x ty)—¢—y) — 2¢(y) = A= 0G) 


which upon differentiation yields 


ely) (96)) 


g(x + y) + (x — y) — 2@(y) = - (0@)—eG)) @)- eT 


These relations allow integration of both equations. Go back to Hagihara’s equation 59 and choose 


y and z such that 


1 


Ply) = rag 
2 
9(z) on 
The invariants are then 
4 4? 
G2 = —4(e1e2 + €2€3 + €3€1) =5- —Zz 
3 hy 


and with 
A= 92° = 2793", 


the expressions for the proper time and coordinate time can be integrated to yield 


* (S460) = ao |-3 (Ho + y)—¢ (P99) - wt 2000) 


7) y 
+ 2) 6 (258-5) —@W + Bic) 
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whe (cot + B3) 


( + By )o(Z) — log 


§2'(z) o (Ut, 
pth : 
= so (+ Bod) - wie ( as carl 
por ao +y) +629) + H+ 80009} 
with 
= : = ¢ : Ht) 


One relationship to the Jacobi elliptic functions is (Wikipedia, 2020b) 


(z) 4 7 88 
Z) =e, +——— 
@ 3" sn2w ’ 


where 


W = Z,/€1 — €3 


and the modulus of the Jacobi function is 


€2 — €3 
k= |——. 
€, — €3 


Look again at the various cases in Hagihara’s summary. In his notation, the constants are 


i a 
hi? 
= hs’, 


where the connection back with our original notation is hy > ms = ~, and hz > =, =ver+1.For 


the case at hand, our interest is in the ingoing quasi-parabolic case and the outgoing quasi-hyper- 
bolic case, corresponding to p = 1 and p> 1, respectively (and in practice for 0 < p —1 <<< 1). 


The incoming case—a particle at rest at infinity falling inward but with a sufficiently large angular 
momentum per unit mass—corresponds to Hagihara’s case IX (u=1, 1<A<%), which he labels as 
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“oseudo-parabolic” with the special value e3 = -1/3 and lying on the boundary of his regions | and 
Il (his Figure 13). 


Consider case IX. We really have case IXb, “quasi-parabolic,” which refers back to case V. There is 
no “easy” means of evaluation, so going back to 


=| dx 
o | 1a=De=oE=o 
ct =a { > ____ 


x?,/(a —x)(b—x)(x -) 


a i dx 
es 
E+1) (1 —x)x2,/(a — x)(b — x) (x —c) 


recall we found the solution to the first equation by integrating from O to c and inverting the result 
to obtain 


_ fg ft fee ee 
p(z) =| C=C Can =r (sin EE) 
F (sin IE = ) = 20-90 Va=e 

a(p) = e+ (b~ e)sn® (ame =) 


where we also put ~(c) = 0. Hence the second equation can, in general, be written 


d 
g(z) dp (3) 


lass | 
C= ——— —— —— a 
c x*,/(a—x)(b-—x)(x —-c) g(c) X*./(a —x)(b — x)(x —C) 


Similarly, for the third equation, we can, in principle, write 


y(z) dp 
ie 
g(c) x(y) 


ef) —_& ie (™ ___ 
E+ 1), x21 -x)J(a-n(b—-x(x—c) Et gc x(9)711— x()] 
a pe cdr (48) yo tO. see 

etl I. x(p)[1—x(p)] e+1 te [1 -x(v)| 


(ea dy 
cT =a 
gc) x(p)? 
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x(y) =c + (b—c)sn? (f a-—C, = 
and so 


9c) b ae pc) As b i 
c+ (b—c)sn? ova —¢, -— 1+ O-O gn? ova —C, ane 


This is valid only for c # 0 and is given by V2, which is equation 336.02 of (Byrd & Friedman, 1971), 
viz. 


i ={ du 
2 | 1 —a2sn2u)? 


~ 2(@2 — 1(k? — @) 
4 
+ (2a7k? + 2a? — at — 3k*)I(g, a7, k) —-S SRS sauenwenul 


[a?E(u) + (k? — a*)u 


1-a?sn2u 


Also note 


4=/— “Tipe 
1 J 1-a2sn2u ee 


For the case c =O, we have instead 


a re@ d a re@ — 
plc p— [p- plc 


and from equation 311.04 of (Byrd & Friedman, 1971), we have 
By= i ns* udu = (2 + k*)u —2(14+ k?)E(u) — dnucs u (ns7u + 2 + 2k?))]. 


Suppose 


x(u) = a*sn2u, 
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then 
| du _ | du 
(1—x(u))x(u)2 J (1— a@@sn?u) atsntu 
1 ns*u du 1 
7 ZA 1—a’sn2u at nstahid NG; 1) 


= Il(y, a?,k) ns*u + a{ Il(g, a7,k) ns3u cs uds u du. 


Compare with 310.04 


Ay = | sntudu = pal (2 + k?)u - 201 + k*)E(u) +k? dnucnusnu ]. 


It is worth noting that neither the incomplete elliptic integral of the second or third kind (Legen- 
dre’s form) have an inverse in terms of standard functions. 


Within WolframAlpha, we find two items, which are real and well behaved: 
iE(sin™? (iu), m) 
and 
i ll(n, sin~+ (iu), m), 
where, again, one must be careful with the various differing notation conventions. 


From equation 17.4.9 of (Abramowitz & Stegun, 1972), we can obtain 
iE(ig\a) =E (a\z — a) —F (a\z — a) — tan 91 —cos7a sin20, 
where tan 0 = sinh @ =-i sin ig and the functions are defined by 


u=sing 1—mt2 


Q u 
E(p\a) = E(u|m) = | d= | 1 —sin2a sin?9 d@ = | dn? w dw 
0 0 


5. sae 
u=sin gp 1 ~ dé u 
F( a) = F(ulm) = | it = | = | dw=u 
a | 0 (1 — t?)(1 — mt?) o V1-—sin’a sin?0 0 


Il(n; p\a) =n; a 
PONE) = ‘ (1 —nt)./(1 — t?)(1 — mt?) 
da u du 


Q 
7 J (1 — nsin20)v1 — sin?a@ sin?6 Jy 1—nsn2u’ 


and where these are the notations used in (Abramowitz & Stegun, 1972) (cf. 17.2.6-17.2.10 and 
T7741): 
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Note that for the case of c = 0, the Wolfram solution includes the argument 


i sinh7? ( i) = sin” (1-3) 


and we obtain 


i dx 
x5/2,/ (a — x)(b — x) 


2(a—x) 
= | (« — b) (at b 
ees) 


x b-x 


i A fo’ — b*)iE (sin (1-3) 


g-1 
+ b(a + 2b)iF (sin (1-3) 5) 


a 
a-b 


The issue is with 


a 
m= > 1, 


a—b 
which can be remedied by using 17.4.15 and 17.4.16, but there is still an extra factor of /. 
N.B. The expressions are fundamentally different in the two cases of c=O andc #0. 


After a few more false starts, one can tease well-behaved solutions from WolframAlpha. The zero 
and non-zero results may be identical in the limit of c > 0, but that would take additional work to 
demonstrate. 


Start with the c = O case, which corresponds to the energy being equal to the rest mass only at 
infinity as the initial boundary condition. 


The integrals for both the proper time t and the coordinate time t can be written as a single inte- 
gral depending on the parameter 7. The setting n = 0 yields the required expression for the proper 
time, and the setting n = 1 yields the required expression for the coordinate time. In both cases, c 
=OandO<x<b<ain principle, although the equality cases still need to be checked for conver- 
gence at those points. WolframAlpha yields (note the leading minus sign on the left, which was 
moved there to reduce the braces count on the right in the Wolfram result) 
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d 
f J (1- aa aeoss 
~30?b?yPx [1 = 2 xen (on; sin7+ ( [5) 2) + 
EE] aoe f= f3e(am(B)e)+  |* 
(a — x)(b — x)[a(3bnx + b + 2x) + 2bx] 
x?(x — a)[a(3bn + 2) + 26) [=e (sin (3) |1 — :) 
302b3(p2 [=X [laa — 2a | 


This is the Wolfram result, except we have moved the minus sign to the left and changed the factor 
under the radial in the denominator from (x — a)(x — b) to (a — x)(b — x) to keep the quantities 
explicitly positive. The issues for computation purposes are that the argument of the incomplete 
elliptic integral of the second kind is imaginary, the parameter is greater than unity, and the coef- 
ficient is imaginary. 


The first term is well behaved in both cases because for the characteristic being 0, we have 


0 (os (E))=e(or( PE) 


(cf. Abramowitz and Stegun (1972), equation 17.7.18) and, at x = b, 


n(o; sin-( Pf 


which is also well behaved (cf. Abramowitz and Stegun (1972), equation 17.7.2). In the fourth 


term, we have 
x—-b ree x—-b _a)\_. |b-x - -4[. [b-x _ a 
aoe (si ( =| 2 *) =i [FE (si ( fr) 1 s) 
The parameter can be dealt with using (Abramowitz & Stegun, 1972) equation 17.4.16 to obtain 
x—-b Ba 4: x—-b = _ . |b-x - -4[. [b-x _a 
ape (sin ( =) It )=e apt (si ( fe 1 :) 
_ . [b-x | _a _ at} i a 


o18 
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where 


b-x 


snu=sing =1 Poa 


That is, 


We also need to correct the parameter for this function, so (with (Abramowitz & Stegun, 1972) 
equation 17.4.15) we can obtain 

4) 

i 


‘yes F (sin («| ji- :) = iz (sin ( 2) 
= —F (sin (ie Pa 


but the parameter is a/so negative. 


After more algebra, we find that by transforming from the negative parameter first and then from 
imaginary arguments, we can make the next step in transforming all to standard forms with the 
usual magnitudes of the various items. 


Put 
=n = —< 
and put 
al x _ oe | . b-x = 1 b 
g = isinh ( =) sin ( fr) sin ( =| 
so that 
iE(iu|-m) _ a =A ot Wade 
=a E(uvm + 1| +.) u—dn (uv1 +m|-) SC (u 1+m —) 
m_ sc(uvitm|—"— 
Vm+idn(uv1+m mi 
and so 


cheng 


i PE (iu |) =E(u < *) -u-dn(u |e [2)se(u (. feh-2) 


There are no obvious simplifications, but the calculation is, in principle, doable. 
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For comparison of various cases, the closest approach angle needs to be used as the origin. The 
pattern rotates with varying angular momentum due to the variation of the period of the sn func- 
tion with a. Even with a values close to the limit of %, the relativistic effects only become acute 


. : 2 - sae a“ ye . 
for values close to the limit for @ = 2 0.47, and there is only one additional “loop” in the trajec- 


tory near the center of attraction while that number goes to infinity as the limit of % is approached. 
Although these features are implicit in Hagihara’s analysis (Hagihara, 1931), the plots available 
with current computational tools (which were nonexistent in 1930) are really needed to get a 
“feel” for the patterns. Unfortunately, as illustrated in the starts and stops in this documented 
analysis, even the application of these to the solutions is not trivial. 


The maximum in u is also the minimum in rand occurs at the maximum of 
b-c 
sn? (sva —C¢, = 


or, for c=0, at the maximum of 


sn? (va fh 


where K(m) is the quarter period of sn(x,m) and hence, the half-period of sn?(x,m), i.e., the maxi- 
mum of the latter. Thus, we should have 


Pmax = ix( *) 


So as ~ goes from 0 to 2@max, the argument of the sn function goes from O to 2K, which takes the 
trajectory inward from co to closest approach to the gravitating mass and the back out to oo. 
Hence, the trajectory will complete n full rotations about the gravitating mass for n being the larg- 
est integer for which 


or 


< max _ 2 b 
n< Ps 2-x( fr) 


Thus, we can, in principle, solve the transcendental equation for n as a function of a. The “roots” 
Qn are given by 
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We also have a+b =1, andsocan solve for a. 


Alternatively, we can write 


so that 


1-a 


—* = sn’ (1,n2va). 


In the limit of large angular momentum per unit mass, i.e., a> 0, we have a> 1, b- 1, and 
K(0) = 2 so that n > 1. Hence, there is always one loop about the gravitating center. The thresh- 
old for two loops requires a¥0.497761, with a¥0.547269, b~0.452731. As both of these values 
approach the limiting value of %, the number of windings increases, and the limit goes to oo, with 
the test particle trapped in an asymptotic circular orbit with a radius twice that of the event hori- 
zon. It is from such an orbit that the best performance Oberth maneuver could be made such that 
the test particle is “nudged” to a value of a just lower than % and, thus allowing escape.” 


Recall—from above—that for this special limiting case, we have 


=| dx 
o | T= pe = peso 


i dx 
ct = a | ——_—_———_____—. 


x*,/(a —x)(b—x)(x- Cc) 
a | dx 
ct = —— | ———____1___.., 
Ee+1J) 1 -—x)x2/(a—x)(b—x)(x —0) 


with a=b=a=%andc=e=0. These three equations become 


Q= <stanh™*(V2x) 


ct dx — 2 tanh ( [#) — 2/2432) = @ — 2/at3x 
a@ Jx2(@-x) aa Wa) U3) @ Ae 


a2x2 a2x2 


dx 
ct _ a 2 -1( [*) _ 2/3axtat3x oan; 1-Vx 
a J (a- re —x) "aya ( ) ( dae + 7a (aa) 


ad 2 -1 x\ 2/3axtat3x\ 2 = 
“aoa (J) i peg an AN), 


a2x2 
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and with a = %, we obtain 


g = 2v2tanh+(v2x) 


= = 8y2 tanh™*(V2x) — (=) 


2 
x2 


* = 16V2 tanh-1(V2x) — (733) — 4tanh“*(vx). 


a 2 
x2 


We also used Wolfram to look at the case of a = 3/2; again, there were no simplifications. 


At this point the case is closed. One can cross-reference equations on the relativistic rocket equa- 
tion by (Ackeret, 1946) and the paper by Dyson on extraction of gravitational energy from a rotat- 
ing white dwarf binary (in Cameron’s book Interstellar Communication (Freeman J. Dyson, 1963)). 


11.3. Escaping the Solar System 


The scientific goal of probing the outer heliosphere and nearby interstellar medium beyond is al- 
most as old as NASA itself, cf. the “Outer Solar System Probe” of Committee 8 — Physics of Fields 
and Particles in Space of the Space Science Board of the National Academy of Sciences (the “Simp- 
son Committee” (Simpson et al., 1960)). With the evolution of NASA’s science program and our 
knowledge of the heliosphere driven by the Pioneer 10 and 11 and Voyager 1 and 2 missions to 
date, the call for a dedicated probe to the near interstellar medium has evolved but nonetheless 
persisted as a scientific priority (J. F. Clarke et al., 1968; Dessler & Park, 1971). 


Previous recent work carried out under NNNO6AAO1C (Task Order: “First Pragmatic Interstellar 
Probe Mission Study”) under Order Number 80MSFC18F0139 dated 13 June 2018 for $680,000 
(requisition number 4200656072) has identified reviewed, summarized, and extended these past 
efforts while focusing on near-term implementation. 


Continuing work capitalized on this work by continuing to refine and identify the scientific impact 
of such a mission not only for heliophysics but also across planetary science and astrophysics as 
well. We made major inroads into breaking down traditional cross-divisional barriers beginning 
with the Mission Science Definition Workshop held under the previous effort last October (2018) 
as well as at the 2018 Committee on Space Research (COSPAR) Scientific Assembly in Pasadena, 
California, and the Fall 2018 AGU meeting held in Washington, DC. Major goals of this effort in- 
clude (1) build on growing momentum in the international science community (invitations from 
multiple scientific conference organizers and requests for the second Mission Science Definition 
Workshop, held in 2019), (2) continue investigating cross-disciplinary opportunities (the workshop 
referred to led to interest from the astrophysics community in observations possible from well 
outside the solar system’s dust environment), (3) explore synergies with new observations from 
the Voyager 1 and 2 spacecraft (now that there is general agreement that both have entered in- 
terstellar space) and from insights in progress about Kuiper Belt Objects (especially from the New 
Horizons flyby of 2014 MU69, aka “Ultima Thule”), (4) continue to explore how looking back on 
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the solar system can further inform our understanding of how the terrestrial planets can inform 
our inferences about the growing population of exoplanets, and (5) provide a definitive, technical 
answer to the question “What can the Interstellar Probe do that no other mission can do?” (the 
same question posed by Harold Glaser, the head of NASA’s Solar Terrestrial Program Office, about 
“a Solar Probe” at a mission science definition workshop for that mission in 1977 (Neugebauer & 
Davies, 1978)) for the time frame of the next decade to provide appropriate input to the upcoming 
Solar and Space Physics Decadal Survey as to heliophysics science, cross-disciplinary science con- 
tributions, technical readiness and implementation possibilities, and associated costs. 


It should be noted that there are three threads of work running though previous Interstellar Probe 
studies: 


1. The notional goal of a mission to escape rapidly from the solar system 
2. The engineering means 
3. Mission studies, including both measurements and instrumentation 


11.3.1. Goals for Escaping the Solar System 


With respect to point 1, the earliest analysis was the gedanken experiment of Oberth, who noted 
that the most rapid escape would be enabled by (1) using a propulsive maneuver at a great dis- 
tance from the Sun to cancel the orbital angular momentum and thus enable it to fall into the near 
vicinity of the Sun, followed by (2) a larger propulsive maneuver at perihelion. In 1929, he showed 
that such a set of maneuvers would provide the most rapid escape for a given propulsive capability 
(Oberth, 1970). Oberth’s example includes a “start” from 900 au with a total AV capability of 
6 km/s. Of this, he notes that one can use a 1 km/s maneuver to remove the orbital speed. He 
notes that one could then apply a5 km/s maneuver at “the edge of the solar corona,” increasing 
the vehicle speed there from ~500 km/s to 505 km/s. The difference in incoming and outgoing 
kinetic energy amounts to an asymptotic speed away from the Sun of 71 km/s (~15 au/year); the 
implied perihelion is ~1.5 Rs from the center of the Sun (so certainly at the “edge” of the visible 
corona during a total solar eclipse). 


From the time of the 1960 “Simpson Committee” report (Simpson et al., 1960), there were no 
technical details discussed (other than a somewhat protracted discussion of a need for very sen- 
sitive magnetometers, but with no numbers mentioned). A requirement of sorts was stated as “(It 
is hoped that motion away from the Sun to the extent of 5 or 6 astronomical units per year [i.e., 
~24 to 28 km/s] could be accomplished by 1965)” (Simpson et al., 1960). The idea of a probe to 
escape the solar system was an outgrowth of the Solar Probe studies carried out at NASA’s Ames 
Research Center in the early 1960s (Charles F. Hall et al., 1962) and constituted the “anti-solar 
mission” option of the Advanced Pioneer mission studies (Matthews & Erickson, 1964). All orbits 
considered simply used launch from Earth with no gravity assists with bound orbits about the Sun; 
there was some discussion of use of Saturn launch vehicles with “high-energy” upper stages. 
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11.3.2. Engineering Means for Escaping the Solar System 


Latter analyses combined points 1 and 2, that is, the studies included identifiable engineering 
means to inform the mission goals. 


The first mission that “congealed” from these early works was the Galactic Jupiter Probe mission 
using a launch direct from Earth to Jupiter and then a (passive) JGA (M.A. Minovitch, 1965) “so that 
it may escape the gravitational control of the sun” (J. F. Clarke et al., 1968). For the envisioned 
mission, “The planetary encounter occurs between seventeen and twenty months after launch (Fig- 
ure 11-5), and the probe reaches ten Astronomical Units in about three years. This distance would 
approximate the range limit of the communication system under consideration for the first flight.” 


to % 


DEEP SPACE TURBULENT 


—- TRANSITION 
REGION 


MAGNETOSPHERE 


OCCULTATION 


JUPITER ENVIRONMENT ZONE 


Jupiter) 


a 
P 
“tp, 6 
*€0 ravi’ 


SUN shock 


Figure 5 — Jupiter Encounter. 


Figure 11-5. Passive Jupiter flyby schematic for the Galactic Jupiter Probe mission. (Reproduced from J. 
F. Clarke et al. (1968).) 


The issue of speed was raised again by Kraft Ehricke (originator of the Centaur upper stage). The 
use of what he termed as a “close solar flyby (CSF)” was revisited by Ehricke in 1971 (Krafft A. 
Ehricke, 1971), but with cautionary notes on the required near-Sun thermal and propulsive tech- 
nologies that would be required to implement it. Within the context of what he term the “ul- 
traplanetary probe,” Ehricke noted the following: 
In the stellar/interstellar frame of reference, space can be divided into a number of zones. In the order of increasing 
distance, these are: the stellar magnetosphere, circumstellar zone, stellar gravisphere, suboptical zone (SOZ), quasi-op- 
tical zone (QOZ) and zone of isolation (ZI). The innermost zone is determined by the extent to which the stellar magnetic 


field determines the motion of stellar plasma. In relation to the sun this zone is referred to as the heliosphere*?. The 
circumstellar zone comprises the star’s wider vicinity and represents a transition zone between the inner region filled 


™ The original definition and terminology are those of Dessler (Dessler, 1967). 
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with plasma emanating from the star and “free” interstellar space. As such, it contains the bulk of the residual primordial 
proto-stellar cloud of which the star was formed. In the case of our Sun (and other stars owning planetary systems) this 
is referred to as ultraplanetary zone (UZ), whose limit is set tentatively at 0.1 years (ly) or 6320 astronomical units (AU). 
Scientifically interesting features in ultraplanetary space include the heliospheric tail, long-periodic cometary matter and 
behavior (although cometary orbits extend far beyond the UZ) and the ultraplanetary environment proper — a mixture 
of protosolar cloud and interstellar matter in the local galactic region. 

The solar gravisphere is the zone in which the path of an object is determined primarily by the Sun’s gravity field. It 
is not a symmetric sphere, because of the uneven distribution of galactic masses around the Sun. However, the helio- 
gravisphere extends at least 1 ly out and should in some directions reach as far out as 2 to 3 ly. 


Ehricke’s SOZ, QOZ, and ZI are all concerned with travel to other star systems by employing means 
of relativistic flight speeds. Such issues have been addressed by many (Ackeret, 1946, 1947) 
(Sagan, 1963; Shepherd, 1952; S. von Hoerner, 1962) but are of no relevance here because there 
are no current or near-term propulsion means capable of reaching such speeds (e.g., Chew et al., 
2001). Ehricke’s “solar gravisphere,” extending well into the Oort’s cloud of long-period comets 
(Oort, 1950), is also beyond the reach of propulsion technology that can be implemented in the 
near term. This leaves his “stellar magnetosphere” and “circumstellar zone,” also known as the 
heliosphere and, for the inner portion, the very local interstellar medium (VLISM), respectively. 
The “circumstellar zone” includes what are currently referred to as the heliosheath and VLISM, 
which together make up what Ehricke also refers to the “ultraplanetary zone” or UZ, extending to 
6320 au. These terms are somewhat misleading today because the termination shock extends 
farther, by a factor ~8, than that deduced by Ehricke, and the current record holder for the largest 
aphelion, 2017 MB7, travels as far as ~2800 au from the Sun (barycentric elements) on a highly 
inclined, highly eccentric orbit (Wikipedia, 2020a). 


In a consideration of Ehricke’s ideas for escape from the solar system, we limit ourselves to his 
considerations of “ultraplanetary probes” (i.e., probes to UZ). 


The SOZ is defined as the region whose extent is determined primarily by the spacecraft’s acceleration pattern and 
the allowable time to receipt by Earth of the radio signal of the vehicle's arrival at the target star (turn-around time). The 
flight speeds encountered extend into the relativistic regime, but are essentially sub-optical. The maximum practical 
extent of the SOZ, consistent with a turn-around time of 50 years, is 7 parsecs (23 ly). This spherical zone contains over 
100 stars. The nearer ones among these, out to 12 ly, can still be reached with peak speeds in the sub-relativistic flight 
regime (0.2 to 0.8 light velocity) by starprobes on one-way (acceleration/deceleration) missions with a 50 year turn- 
around time. For Tau Ceti (11.8 ly) the required peak speed is B = v/c ~ 0.55, for Alpha Centauri B ~ 0.2. Reaching the 
outer limits of the SOZ requires a peak speed well in the relativistic flight regime (0.8 < B < 1.0), namely, B > 0.95. Formi- 
dable propulsion demands must be met, unless turn-around times of a sizeable fraction of a millennium are acceptable. 

The QOZ requires sustained speeds at quasi-optical speeds (B > 0.95). Turn-around times are longer than 50 years 
and, in fact, are proportional to the distances involved (rather than to the accelerations, as in the SOZ—approaching for 
very large distances (> 100 ly) the turn-around time of a radio message. To the severe propulsion requirements are added 
formidable environmental problems, due to extensive ionization and sputtering from the impact of elementary particles 
and cosmic dust at relativistic soeeds. Unbiased measurements of the free space environment are no longer possible at 
such speeds. Therefore, these starprobes can only serve stellar exploration, following slowdown near the target ster. 

The QOZ has no definite limit. However, turn-around times become eventually so long that meaningful relations to 
Earth cease. Star travelers are separated from terrestrial civilization (and any other civilization) by such an enormous gulf 


2 Subsequently, Holzer defined the “very local interstellar medium,” or VLISM, as the region of interstellar space 
within 0.01 parsec (pc) of the Sun generally taken as 0.01 pc = 2,062.65 au = 11.91 light days = 0.0326 light years 
(Thomas E. Holzer, 1989); this terminology “stuck” in the scientific literature while that of Ehricke did not, although 
the quantitative definition is typically used only loosely in the literature. 
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through time dilatation as to be virtually isolated from all other civilizations. Thus, at a distance of perhaps 300 to 1000 
ly, the ZI becomes superimposed over the QOZ. 


Ehricke notes: 


Starprobes must rely on propulsive capabilities exclusively. But for ultraplanetary missions, the use of gravitational 
effects within the solar system is still meaningful. Several modes of ejecting the ultraplanetary probe from the solar 
system are available. The three principal ones are (1) direct departure from Earth orbit, (2) departure via Jupiter gravity 
assist (GA)3, and (3) departure via close solar flyby (CSF)**. Mode (1) is expensive in terms of propulsion requirements, 
but allows readily the use of low-thrust high-l,) systems. From Earth orbit, the probe spirals out directly into the cryospace 
environment of the outer solar system and beyond. 


(Below we discuss the issues of “low-thrust, high-ls5 systems” which, with the implied distance 
from the Sun for ultraplanetary missions, must be limited to NEP and/or REP systems rather than 
a solar electric propulsion (SEP) system. The use of such systems is problematic because the ex- 
pectations of Ehricke and others on their technical maturation have not materialized.) 


Mode (2) is noticeably more efficient for launch speeds out of Earth orbit of some 50 km/s. Jupiter GA reaches 
maximum efficiency for out-of-Earth-orbit launch velocity of 18.3 km/s, in which case the speed imparted the probe by 
interaction with Jupiter permits exploration of the UZ out to 14 solar system radii (600 AU) or 9 percent of ultraplanetary 
space. Mode (2) also permits readily the application of low-thrust, high-l,p systems if started following flyby or if operating 
beyond flyby. 


The use of Mode (2) in conjunction with an REP system in the way suggested was considered and 
studied in some depth under the NASA Vision Mission studies (R. L. McNutt, Jr. et al., 2005). 


Mode (3), CSF, is the potentially most efficient mode, but its worthwhileness depends on the closeness of the peri- 
helion and its engineering feasibility depends on both the speed of approach and the availability of a high-lp system of 
sufficiently high thrust acceleration to impart to the spacecraft a significant velocity pulse in the general vicinity of the 
perihelion (approximately inside 0. 3 AU). 


Mode (3), for the reason of efficiency noted, has been looked at multiple times using chemical 
rockets (T. E. Holzer et al., 1990; Mewaldt et al., 1995), nuclear pulse propulsion (R. L. McNutt, Jr. 
et al., 2004), and solar thermal propulsion (STP) (Lyman et al., 2001). 


Three methods are available in Mode (3). The first is to drop from Earth orbit to the perihelion. This yields a brief 
ejection process but is propulsively expensive, and most significantly, the approach speed is critically slow for the re- 
quired perihelion distances of less than 0.1 AU. The second method involves Jupiter rebound. This takes somewhat longer 
(~1000 days) but is more efficient propulsively, and the approach speed is closer to solar parabolic, but still fairly slow. 


This latter version of Mode (3) is the same as our Option 3. 


The third is a newly suggested method, using Saturn to reverse the probe's orbiting orientation from direct to ret- 
rograde (clockwise), running it into the Jovian gravity field where it receives a tremendous “kick”, sending it toward 
perihelion at solar hyperbolic speed». This method involves the longest ejection process, is propulsively most efficient, 
requires, however, virtually complete reliance on high-thrust systems (for maneuvers near Saturn and Sun)?°. Because it 
yields the highest approach speed, the duration of the heat pulse accompanying the close perihelion transit may be 


13 This mode, Mode (2), includes what we later refer to as Options 1 and 2. 

4 Ehricke’s Mode (3) (CSF) is what we refer to as Option 3, aka a powered solar Oberth maneuver. 

4 The subject of the paper by Ehricke in the Journal of the British Interplanetary Society (K. A. Ehricke, 1972) 
16 These required magnitudes are, it turns out, a significant issue; see following text. 
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reduced sufficiently to design a probe capable of passing through perihelion distances between 0.1 and 0.01 AU?”. To 
reach the outer limit of the UZ in 50 years, the probe must achieve a speed of 600 km/s (8 = 0.002). The Saturn-Jupiter- 
Sun mode can reduce the associated perihelion requirement to 300 km/s (for solar-parabolic approach speed), or to 
about 210 km/s (for e = 2 hyperbolic approach speed), following a peri-Saturn maneuver of 30 to 40 km/s and a near- 
Earth departure maneuver of about 9 km/s. If a speed of 600 km/s?° is to be attained in a 7-year powered flight in direct 
departure from Earth orbit (average thrust acceleration 2.8:10% g), a very high power/mass ratio is required (~1700 
kw/kg)/ This means that 14.8 billion kwh must be usefully expended annually for each ton of spacecraft mass; in other 
words, 100 tons of spacecraft require about the same annual power generation as the United States in 1966 (~1250 
billion kwh). This underscores the importance of the flyby maneuvers to aid in the ejection for the solar system. But 
these, in turn, require high thrust accelerations for which the specific impulse tend to be lower, since many factors tend 
to limit the rate of power transfer from primary source to vehicle in the form of kinetic energy. For propulsive ejection 
speeds of 80 to 300 km/sec’®, a combination of gas core reactor” first stage and nuclear-electric (NE) ion-powered, or 
controlled thermonuclear reactor (CTR) powered second stage can be used. For higher propulsive speeds, nuclear 
pulse2?, NE and CTR drives are needed in two- or three-stage combinations. Among the propulsion systems now known 
to be within technological reach in the next 30 years, only the nuclear pulse can possibly attain very high propulsive 
ejection speeds (100 to 300 km/sec) inside the solar system. Low- thrust systems of both the NE and CTR variety require 
long propulsion periods that interfere with environmental measurements and, therefore, must either be discontinued 
periodically or require ejection of sub-probes at desired points. 


Ehricke’s analyses are all sound, but the AV requirements of “as low as” 30 km/s in deep space (at 
Saturn) at high thrust remain out of reach today, and the higher requirements (e.g., 210 km/s near 
the Sun) even moreso. In summary, for an escape from the solar system of 600 km/s (126 au/year) 
without the complications of the Saturn rebound, we would need a maneuver near the Sun of 300 
km/s. Ehricke does not mention the perihelion distance, but these numbers imply 1.06 Rs (i.e., just 
above the photosphere). 


The road to ultraplanetary and precursory interstellar mission capability is paved most expeditiously (from the 
standpoint of planning by key objectives and synergistic effectiveness) by the outer solar system probe so as mission 
specific payloads and nuclear-electric drives are concerned; and by the development of very advanced propulsion sys- 
tems (primarily nuclear pulse and controlled thermonuclear reactor) for manned solar system mission capabilities. 


While this philosophy has been oft repeated, the promised/required “advanced propulsion sys- 
tems” have failed—and continue to fail—to materialize. 


These same issues were reexamined within the decade as part of the JPL Interstellar Precursor 
study (Jaffe et al., 1977; Jaffe & Ivie, 1979; Jaffe et al., 1980; Jaffe & Norton, 1980). That mission 
baselined an NEP propulsion system, although what we have labeled as Options 1, 2, and 3 were 
also considered along with solar sails and a variety of combinations of these (Jaffe et al., 1980). 
Options included one or two NEP stages as well as inclusion of a “drop-off” Pluto orbiter (Fig- 
ure 11-2, left panel). The baseline was a 20-year mission that could reach 400 au with an extended 
mission lifetime to 50 years to 1000 au. The propulsion was to be powered by a 500-kWe NEP 
system with a 20% conversion efficiency. The system used mercury for propellant, had a specific 
mass of 17 kg/kWe, and had an initial mass in LEO of 32,000 kg (see also more details at Pawlik & 


That is, between ~21.5 and ~2.15 Rs 

18 600 km/s ~ 126 au/year 

18 That is, “17 au/year to ~63 au/year 

0 Gas-core fission engines have been problematic and were never developed (Grey, 1959; McLafferty, 1970). 
*16 9. Orion (cf. F. J. Dyson, 1965, 1968; G. Dyson, 2002) 
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Phillips, 1977). Hence, the “design point” for asymptotic escape from the solar system was set at 
20 au/year (~95 km/s). 


This asymptotic escape speed was carried forward to the Thousand Astronomical Unit (TAU) mis- 
sion of the mid 1980s (Etchegaray, 1987; Nock, 1987). The final speed, after a 10-year “burn” using 
an NEP system at 1 MWe power, specific mass of the power plant of 12.5 kg/kW, specific impulse 
of 12,500 seconds (using liquid xenon, LXe), and an initial mass of 61.5 mt, would be 106 km/s 
(22.4 au/year) to reach 1000 au 50 years after launch. 


To formulate a “cheap” approach, as compared to the NEP systems just mentioned, a new look 
was taken at conventional propulsion and the use of the solar Oberth maneuver (T. E. Holzer et 
al., 1990): 


For the Interstellar Probe to accomplish its scientific objectives, it should acquire data out to a heliocentric distance 
of ~200 AU. A reasonable duration for spacecraft operation is ~25 years. Thus, after allowing for a few years of trajectory 
maneuvers in the inner solar system, an escape velocity on the order of 10 AU/year is required. 


The accompanying trajectory studies included passive prograde JGAs (“Minovitch maneuver”) and 
a combined retrograde JGA, to put the spacecraft on a near-Sun (“solar-probe-like”) trajectory, 
followed by a propulsive maneuver at perihelion (“Oberth maneuver”). This combined “Minovitch- 
Oberth trajectory” offered the best performance of the all-chemical propulsion approaches. Alt- 
hough details were not included, a fly-out speed of 14 au/year was derived for a 200-kg probe and 
two-stage solid rocket at perihelion (distance not specified and specific impulse /sp of 290s as- 
sumed) launched with a Titan IV/Centaur, again with the cautionary note “the large maneuver 
near the Sun (several km/sec) will pose a significant technical challenge.” 


This approach had been highlighted in the report Space Science in the Twenty-First Century 
(Donahue et al., 1988): 


An Interstellar Probe, that could be launched about the year 2000, should reach beyond about 100 AU in a time 
interval of less than 10 years, preferably about 5 years. Several possible schemes, including Jupiter gravity assist and 
swingby of the Sun at 4 solar radii (see Figure 4-4) as well as use of megawatt nuclear electric propulsion, could provide 
the necessary acceleration for spacecraft velocities varying from about 50 to 100 km/s (11 to 21 AU/yr). The spacecraft 
should be instrumented redundantly with plasma, field, particle, and wave instruments, depending on detailed definition 
of science objectives and spacecraft capabilities. The fully instrumented spacecraft mass is likely to be in the range of 
500 to 1000 kg. 


For the example of a AV of 5 km/s applied at 4 Rs, the rough escape speed can be estimated as 
11.7 au/year (55.5 km/s),?? with the other end of the range corresponding to the 1-MWe NEP 
system of the TAU mission. 


In the next iteration (Mewaldt et al., 1995), the goals were captured as follows: 


*2 For some perspective, a AV of 5 km/s applied at 1 Rs (i.e., the photosphere) would boost the asymptotic escape 
speed to “16.6 au/year. To reach ~20 au/year with a 1-Rs periapsis would require a AV of ~7.3 km/s—either the ther- 
mal or propulsive requirements of which are already prohibitive to execute. A similar performance at 4 Rs increases 
the required AV to ~14.6 km/s, which is well out of reach for a high-thrust single stage. 
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To accomplish its scientific objectives, an Interstellar Probe should acquire data out to a heliocentric distance of 
~200 AU. To reach 200 AU within a reasonable mission lifetime (e.g., ~25 years or less), the spacecraft velocity must be 
several times greater than those of Pioneer-10 and the Voyagers, which range from 2.4 to 3.5 AU/year. 


The updated scenario used a DSM to achieve a Venus flyby followed by two Earth flybys (the tra- 
jectory followed by Galileo to reduce the launch-energy requirements) to reach Jupiter. A subse- 
quent retrograde Jupiter flyby is used along with single-stage and two-stage propulsion near the 
Sun. The distance and AVs are not given, but asymptotic solar system escape speeds of ~6—-14 
au/year are noted along with a mass for the spacecraft of “~200 kg.” 


11.3.2.1. The “Goldin Challenge” and the Reemergence of Photon Sails 


In 1998, NASA Administrator Daniel Goldin challenged JPL to determine a means to reach near 
star systems within 40 ly of the Sun in no more than 100 years (Frisbee & Leifer, 1998). As part of 
NASA’s new Origins program, this would also correspond to reaching the nearest star system, that 
of Alpha Centauri A/B/Proxima Centauri, within ~10 years (Wallace, 1999). An initial “roadmap” 
was proposed based on solar sail and then laser sail technologies (Marzwell & Harris, 1998), with 
the first step being a Heliosphere Explorer robotic probe to 200 au (Wallace, 1999) (Figure 11-6). 
As the roadmap concept evolved, the focus on sails with the ultimate goal of beamed laser energy 
came into greater focus because this path was considered to be the most technically advanced of 
all those considered (J. L. Anderson, 1999). 


40 LY 
4.5 LY 
INTERSTELLAR sims 
PROBE FLYBY RENDEZVOU 
&® Solar Powered een? IN 100 YRS 
@ Laser Powered INTERSTELLAR 
5 = Areal Density (Sail Mass/Sail Area) MEDIUM EXPLORATION TECH 
DEV 
ADVANCED 
SAIL DEMO and/or 
HELIOSPHERE SCIENCE 
2005 - 2007 
TECH 
MID-TERM peice Peay 
NEAR-TERM — SAIL DEMO sce Bik Pay eae 
SAIL DEMO 2003 - 200g 82 0.1 gim? ‘ 
2001 - 2002 Joni, Loney 150 - 300-m DIA 
on oa ne iit. * OORT CLOUD 
ad fap mA TRAVEL WITHIN 
. SOLAR SYSTEM: 
* HELIOPAUSE EXPLORER 
* EUROPA LANDERS DAYS TO WEEKS 
* COMET SAMPLE RETURN 
* SOLAR POLAR IMAGER bern prt 
Geostorm + MERCURY ORBITER 3= 0.1 gi 
67-m DIA + NON-KEPLERIAN EARTH ORBITS 
8= 15 gim? 
(8 um film) 


Figure 11-6. Sail roadmap of 1999 in response to the interstellar travel “challenge” of then-NASA Admin- 
istrator Daniel Goldin. (Reprinted from Wallace (1999) with permission; © 1999 IEEE.) 
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11.3.2.2. Interstellar Probe Science and Technology Definition Team of 1999 


An Interstellar Probe Science and Technology Definition Team (IPSTDT) was established and had 
three meetings at JPL, on 15-17 February 1999, 29-31 March 1999, and 17-19 May 1999. Baseline 
mission requirements were set as reaching 200 au within 15 years of launch. A Sun-approaching 
solar sail was baselined as the launch mode for meeting the requirements (Liewer et al., 2000; 
Liewer et al., 2001; R. A. Mewaldt & P. C. Liewer, 2000; Mewaldt & Liewer, 2001). 


11.3.2.3. NASA Institute for Advanced Concepts 


At the same time, the NASA Institute for Advanced Concepts (NIAC) funded a new concept study 
that revisited the use of the retrograde JGA-Oberth maneuver, based on a perihelion distance of 
4 Rs. The requirement was for an asymptotic solar system escape speed of 20 au/year, requiring a 
AV of ~15 km/s (McAdams & McNutt, 2002, 2003). Such an impulse is about that imported to the 
Ulysses spacecraft in LEO, following Shuttle deployment (STS-41 mission) with the ~20,000-kg 
three-stage solid rockets of the two-stage IUS plus Payload Assist Module — Special (PAM-S) stage. 
For the study, such a massive stage was out of scope. After a brief assessment of using small nu- 
clear charges against a pusher plate (the Orion concept (G. Dyson, 2002)), the study focused on 
adapting the thermal input into the TPS to run a solar thermal propulsion system with LH2 as the 
propellant (Lyman et al., 2001). There were problems in getting the engineering analysis to close 
while maintaining the large, required AV; not surprisingly, the main issue was the mass of the 
spacecraft and all of its systems (R. L. McNutt et al., 2003). Additionally, there was the realization 
that such a system could never be tested realistically before flight. 


11.3.2.4. NASA “Vision Mission” Studies 


Different approaches were taken under NASA’s “Vision Mission” program in looking at approaches 
to interstellar precursors: a very low specific mass NEP system (Zurbuchen et al., 2008) and an REP 
(Robert J. Noble, 1993; R. J. Noble, 1998, 1999) system (Fiehler & McNutt, 2005, 2006; M. 
Gruntman et al., 2004; M. Gruntman et al., 2006; R. L. McNutt et al., 2005; R. L. McNutt et al., 
2006; R. L. McNutt, Jr. et al., 2005). Both of these launched outward from the Earth; the REP con- 
cept (“Innovative Interstellar Explorer’) did incorporate a prograde Minovitch maneuver at Jupiter 
to provide a significant increase in the asymptotic escape speed. 


11.3.2.5. Large Launch Vehicles—Ares V and the Space Launch System 


Renewed consideration of what role—if any—very large launch vehicles could play in the “Inter- 
stellar Probe” mission was prompted by a request for a presentation at a meeting of the Commit- 
tee on Science Opportunities Enabled by NASA’s Constellation System of the National Research 
Council on 21 February 2008 (NRC, 2008). Some further refinements of this approach were pre- 
sented at the Heliophysics Town Hall held 19-20 May 2008 in College Park, Maryland, and at the 
Ares V Solar System Science Workshop held at the NASA Ames Conference Center on 16 and 17 
August 2008 (Langhoff et al., 2008). Further discussions of this approach have been carried out at 
various IACs: with the Ares V at the 60th IAC in 2009 in Daejeon, South Korea (Ralph L. McNutt, Jr. 
& Wimmer-Schweingruber, 2011) and the 61st IAC in 2010 in Prague, Czech Republic (Ralph L. 
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McNutt, Jr. et al., 2011), and then changing to the SLS at the 65th IAC in 2014 in Toronto, Canada 
(Ralph L. McNutt, Jr. et al., 2014) and the 66th IAC in 2015 in Jerusalem, Israel (Ralph L. McNutt, 
Jr., Benson, et al., 2015). 


Continuing with the SLS as a baseline launch vehicle, at the 67th IAC in Guadalajara, Mexico, trades 
using the Oberth maneuver versus other approaches were reviewed (R. L. McNutt, Jr. et al., 2016) 
and at the 68th IAC in 2017 Adelaide, Australia, some preliminary scalings making use of the 
Oberth maneuver and a Star 48-powered perihelion stage with rough thermal shield mass esti- 
mates, based on the TPS being implemented on Parker Solar Probe, were discussed (Ralph L. 
McNutt, Jr. et al., 2017). This was the first time the required TPS mass was explicitly modeled as a 
function of perihelion distance from the Sun’s center in a parametric fashion. 


11.3.2.6. Keck Institute for Space Studies and Solar Thermal Propulsion 


Point designs using the Oberth maneuver were also been considered by JPL, first in conjunction 
with a workshop at the Keck Institute of Soace Studies (KISS) on 8-11 September 2014 and 13-15 
January 2015 (Alkalai & Arora, 2015; E. Stone et al., 2015) and more recently at the 68th IAC. 
Several designs have been studied using multiple inner heliosphere gravity assists to enable a fast 
solar system escape. One design used an STP system running at 3400 K (/sp ~1350 s). The separated 
spacecraft wet mass is ~561 kg with a payload of ~42 kg. Most of the escape speed is provided by 
a AV of 11.2 km/s performed by the STP system at ~3 Rs. The total initial stack dry mass of 11,278 
kg and 15,732 kg of LH2 gives a total launch mass of *28,000 kg (including a 43% margin) (Alkalai 
et al., 2017). 


11.3.2.7.__Low-Thrust, In-Space Propulsion Approaches 


All low-thrust schemes are underdeveloped and face significant technical and physical challenges 
for use in expelling spacecraft rapidly from the solar system. Almost all of these issues can be 
traced to materials properties and strength, long-term autonomous operations or both. All sail 
concepts (solar sails, laser sails, electric sails, and their variants) tend to trace to the former, and 
nuclear electric propulsion traces to the latter. REP occupies a special case—where the problem 
is with the specific mass of the power system. The difficulty in dealing with that issue is illustrated 
by the technical failures in and cancellation of the Advanced Stirling Radioisotope Generator 
(ASRG) program. Many of the problems with NEP for long-term robotic space missions were iden- 
tified by Project Prometheus but were not solved during that effort, which was canceled as the 
costs for getting to and launching an NEP-based craft reached $10 billion and continued to rise. 


Regarding the use of radiation pressure, whether from the Sun or a laser, and in principle on 
charge wires, it is not a question of whether it “works” but, rather, whether it can be used effec- 
tively for the primary source of propulsion. Solar radiation pressure was used to conserve propel- 
lant on NASA’s MESSENGER mission (O'Shaughnessy et al., 2014) and was used on the Japan Aer- 
ospace Exploration Agency’s (JAXA’s) Interplanetary Kite-craft Accelerated by Radiation Of the Sun 
(IKAROS) technology demonstration mission. IKAROS had a mass of ~300 kg and sail area of ~200 
m?, and, hence an effective areal mass density of 1500 g m~, roughly a factor of 1000 too heavy 
to enable an interstellar probe, and then only if perfect reflectivity is assumed. 
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Aside from the question of sail properties, manufacture, and guidance and control, one can ask 
how well such asystem might perform by combining the technical difficulties into a single ligntness 
number A, defined as the ratio of the outward acceleration of the entire system by radiation pres- 
sure from the Sun for normal incidence to the inward acceleration of the entire system due to 
solar gravity. 


One can bracket solar sail performance while capturing the salient features of more complex sce- 
narios, for which numerical integration of the trajectories is required, by making a few simple as- 
sumptions. If the sail is always pointed radially to the Sun, after its deployment, the sail acts simply 
to reduce the effective gravitation attraction of the probe by the Sun in a discontinuous manner. 
Hence, for whatever stable orbit the probe is in, the net energy will change with no change in the 
angular momentum, allowing for the probe to move to a greater aphelion or escape the system 
entirely. For a simple example, consider a probe in a heliocentric circular orbit of radius 1 au. Sup- 
pose a Sail is abruptly deployed with its normal toward the Sun with a lightness number of unity. 
The situation is akin to that of a stone on a string swung in a circle, with the string abruptly cut and 
then moving in a straight line with its previously circular speed. The probe released at 1 au will 
similarly move off in a straight line, with an impact parameter of 1 au and now traveling at vo = 2m 
au/year, i.e., 29.7859 km/s, the mean orbital speed of the Earth. The trouble is that one needs a 
higher speed. For an initial orbit at 0.25 au, the fly-out speed is increased by a factor of 2; further 
increases can be obtained with a higher speed at the release point, a larger lightness number, or 
both. It is worth noting that a sailcraft (spacecraft “powered” by a solar sail) released from any 
circular orbit with a lightness number of % will execute a parabolic orbit, reaching infinite separa- 
tion from the Sun at zero heliocentric speed after infinite time. 


Thus, an ideal deployment of an ideal sail with A = 1 in a heliocentric circular orbit of 0.25 au radius 
would provide a solar system escape speed of 4m au/year ~ 60 km/s, a speed sufficing to reach 
200 au in just over 15 years. The thermal issues of taking a spacecraft into 0.25 au are already 
suggested by the experience of MESSENGER at Mercury and the designs of ESA’s BepiColombo 
and Solar Orbiter missions. Suffice it to say, these pale in comparison with the issues associated 
with the operation of a unity lightness number sailcraft deployed at that distance because of the 
stress on the sail supports, which must be dealt with while maintaining the low system mass. 


There are sufficient complexities that this is a subject that needs to be taken up separately; ulti- 
mately there are significant materials issues that must be dealt with for this scheme to work, re- 
gardless of the nature of the sail, its deployment mechanism, or the source of the propulsive force 
acting on it. Suffice it to say, although lightness numbers exceeding unity would be even more 
preferred from a kinematics perspective, their implementation is even more challenging from a 
materials perspective. 


Work has continued (Johnson, 2016), but real progress continues to be hampered by the lack of a 
flight mission that can demonstrate the required lightness numbers and structural integrity that 
would be need for an Interstellar Probe (cf. Figure 11-7). 
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Figure 11-7. Sail roadmap of 2016. Although some smaller projects (Nanosail-D2, Interplanetary Kite-craft 
Accelerated by Radiation of the Sun (IKAROS) of the Japan Aerospace Exploration Agency [JAXA], and 
LightSail 2 of The Planetary Society [TPS]) have successfully flown, they are still small and heavy com- 
pared to what would be required for the advertised sail for the Interstellar Probe sail mission. When 
compared with the 1999 roadmap (Figure 11-6), the roadmap goals are largely unchanged, but the time- 
table has “slipped” by at least one to two decades, making technological readiness for flight as early as 
the 2030s a questionable proposition at the present time. (Image credit: ) 


11.3.2.8. Current Engineering Status—A Summary 


A summary of the various studies, considered with various levels of detail, is given in Table 11-1. 
These 18 concepts vary in terms of study details but are typically defined by similar, if not the 
same, science goals, as discussed in section 11.3.3. Fly-out distances, times, and speeds are all 
heavily modulated by the posited propulsion means. There are still no definitive/funded low- 
thrust, in-space propulsion technologies that can enable the posited performances accompanying 
those approaches. 


Table 11-1. Summary of Interstellar Probe Mission Concepts, 1960-2019 


Study : Probe Mass 
Wear Study Escape Speed Means Distance (Initial Wet) 
1960 Simpson Committee 5 or 6 au/yr Not specified Not specified | Not specified 
1968 | Galactic Jupiter Probe - GSFC] 10 auin 3 yr Passive JGA 10 au (communi- 500 lbs 
cations limit) (~230 kg) 
1971 Ultraplanetary Probe — 126 au/yr Close solar flyby; 1.06 Rs at AV=300 | 6320 au (0.1 ly) | Not specified 
Ehricke km/s; nuclear pulse in 50 yr 
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Study F Probe Mass 
Wane Study Escape Speed Means Distance (Initial Wet) 
1977 | Interstellar Precursor — JPL 20 au/yr 500 kWe NEP at 17 kg/kWe with Hg 400 au nominal 32,000 kg 
propellant (20 yr); 1000 au 
extended (50 yr) 
1987 TAU — JPL 22.4 au/yr 1 MWe NEP at 12.5 kg/kWe with LXe 1000 au 61,500 kg 
propellant at /p of 12,500 s 
1988 | Space Science in the Twenty- 11.7 au/yr Solar Oberth at 4 Rs at AV=5 km/s >100 auinless | 500-1000 kg 
First Century — Scarf et al. than 20 yr 
1990 | Interstellar Probe/Frontier 14.7 au/yr | Two-stage solar Oberth with /,, = 290 s 200 au 200 kg 
Probe — Holzer et al. 
1995 | Small interstellar probe — 14 au/yr Solar Oberth maneuver with chemical | 200 au in 25 yr ~200 kg 
Mewaldt et al. stage after AV-Venus-Earth-Earth grav- or less 
ity assist (VEEGA) to Jupiter 
1999 IPSTDT — NASA/JPL ~15 au/yr | 400-m-diameter solar sail from 0.25 au | >200 au in 15 yr 150 kg 
2000 | Realistic Interstellar Explorer, | 20.2 au/yr Solar Oberth maneuver at 4 Rs at AV= | 1000 au toward 50 kg 
NIAC Phase | — McNutt et al., 15.4 km/s; nuclear pulse/NTP/STP ¢ Eri 
APL 
2002 | Realistic Interstellar Explorer, ~12 au/yr Solar Oberth maneuver at 4 Rs using | 1000 au toward 147 kg 
NIAC Phase II — McNutt et al. STP € Eri 
2005 | ISP Vision Mission using NEP | Not specified | NEP with LXe and /,, = 5000s; 17,050 | 150 auin20.5 yr] 36,000 kg 
—Zurbuchen et al. University kg for Prometheus spacecraft with JGA 
of Michigan 
2005 | ISP Vision Mission using REP 8.3 au/yr Outbound JGA + 1.0 kWe REP with LXe | 200 au in 28.8 yr 1135 kg 
(aka Innovative Interstellar at Isp of 3734 s 
Explorer [IIE]) - McNutt et 
al., APL 
2009 | IIE extension to use of Ares V 9.7 au/yr Large launch vehicle (Ares V) with Cen- | 200 au in 23.2 yr 1230 kg 
launch vehicle at large C3 = taur upper stage and REP system + JGA 
270.0 km2/s? — McNutt et al., 
APL 
2014 | Use of SLS— McNutt et al., >7.4 au/yr All ballistic with unpowered JGA 200 au in 25-30 ~500 kg 
APL yr 
2015 KISS Workshops — JPL >13 au/yr SLS Block 1B + AV-EGA and solar 200 auin 20.5 yr] 16,766 kg 
Oberth with STP launch with 
544 kg 
spacecraft 
2017 | SLS Block 2 launch vehicle; 19.1 au/yr SLS Block 1B + AV-VVEEGA and solar | 200 au within 20} ~28,000 kg 
Updated JPL — Alkalai et al. Oberth with STP (3400K//,, ~1350 s) + yr of launch launch in- 
electric propulsion and LXe /,, ~1800 s; cluding ~550 
at 3 Rs at AV = 11.2 km/s; advanced kg spacecraft 
segmented-modular radioisotope ther- and 15,720 
moelectric generators (SMRTGs) for kg LH2 
power; 1.2 kWe needed for cryocooler 
for LH2 
2019 | SLS Block 1B launch vehicle; | Variation with | Conventional stages for all options: 1000 au New Hori- 
Part 1 of this study — McNutt | launch epoch Passive JGA zons space- 
et al., APL for given vehi- Powered JGA craft 478.3 
cle and C3 Solar Oberth kg wet at 
One GPHS RTG for power launch as 
baseline 
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11.3.3. Mission Studies: Measurements and Instrumentation 


With respect to point 3, explicit identification of measurements and instruments to obtain them 
were historically disjointed from mission studies, especially the earlier studies. 


11.3.3.1. Galactic Jupiter Probe—1967 


For example, in his remarks on the Galactic Probe (J. F. Clarke et al., 1968), Parker noted the fol- 
lowing: 


The two ultimate questions are the distance which the solar wind extends outward from the sun and the cosmic ray 
intensity in interstellar space.... Theoretical estimates suggest that the solar wind extends ten to one thousand Astro- 
nomical Units beyond Earth, so that the cosmic ray intensity surrounding the solar system in interstellar space may easily 
be two or more times higher than here at Earth. Considerations involving the observed dynamical state of the galaxy 
suggest only that cosmic rays above one billion electron volts per nucleon are not ten times as numerous as here, else 
their pressure would burst the galaxy. 

Altogether, then, it appears that, with the ongoing exploring and monitoring of particles and fields at the orbit of 
Earth over the sunspot cycle, the next step in the scientific inquiry involves missions to large distances ... particularly to 
many AU beyond the orbit of Earth ... 


11.3.3.2. Missions Beyond the Solar System—1971 


Science objectives were discussed by Ehricke (refer to previous remarks on “zone” definitions and 
locations at the beginning of section 11.3.2). 


COSMIC “ZONING” 

Space beyond the solar system is so vast that a breakdown into “zones” becomes necessary to bound objectives, 
problems and solutions (Fig. 1). 

Helio-Magnetosphere (Heliosphere) 

In immediate stellar vicinity, zoning can be governed by environmental characteristics. In terms of the solar magne- 
tosphere (or heliosphere) the outermost planets Neptune and Pluto are located already in interstellar space--at least 
temporarily. Our Sun is the center of a spinning magnetic field, moving through interstellar gas (galactic wind) and 
through a galactic magnetic field whose vector angle relative to the Sun’s motion is uncertain at this time. The Sun moves 
through an interstellar medium whose extreme conditions could be described as (a) an[d] H | (absorbing) condition at a 
gas temperature of 125 °K in which the neutral hydrogen atom density is much higher than the proton density; or (b) an 
H Il (emitting) condition at 10*°K in which protons predominate. In either case, the total particle density (atoms and 
protons) is of the order of 0.7 per cc. Considered a perfect gas, the velocity of sound is 1.32 km/s and 11.8 km/s in H | 
and H Il regions, respectively. Since the solar velocity is 20 km/s, the flow of the interstellar medium relative to the Sun' 
s magnetic field is, therefore, supersonic, causing a bow shock wave bounding the heliosphere in the direction of motion 
(zero azimuth angle), and a transition zone (magnetopause). At azimuth angles between 90 and 180 deg., the magneto- 
pause will eventually dissolve as the galactic wind diffuses into the tail of the heliosphere. The thickness of the magne- 
topause (possibly several astronomical units (AU)) and the amount of ionization of galactic hydrogen by solar ultraviolet 
are not known. Relations between solar and galactic winds have been investigated by various authors. Weddell (Ref. 1) 
in particular, has shown that the size of the heliosphere (radial distance r at low azimuthal angles) under H II interstellar 
conditions is too small (2 < r < 3.45 AU) to be consistent with observed diffusion and solar modulation of galactic cosmic 
rays at 1 AU and slightly beyond (Refs. 2, 3). For H | conditions he found, for high solar conditions, conservatively 9.15 < 
r< 12.04, compared with a value of r ~ 7.43 (Ref. 2) for low solar conditions. 

Thus, transition into the interstellar environment for outward flights of small azimuth angles may be assumed to 
occur at a heliocentric of between 8 and 16 AU. At 180 deg. azimuth (heliospheric tail) unperturbed interstellar conditions 
may not be restored at distances less than 400 to 600 AU for low and high solar activity, respectively. The orientation of 
the longitudinal axis of the heliosphere is not exactly known. If coincident with the Sun’s vector of motion, the axis points 
toward the celestial Coordinates R.A. 18 h 4 m, Decl. + 30 deg. On the basis of cometary statistics, Robey (Ref. 4) showed 
evidence that the axis may be pointed at R.A. 21h Om, Decl. + 32 deg. The multiple-planet missions into the outer solar 
system in 1976 to 1979 (launch years) cross the orbit of Saturn (10 AU) at R.A. 11 h to 12 h, the orbits of Neptune or 
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Pluto at R.A. 14 h to 17 h. Thus these probes move toward the forward half of the heliosphere and may provide the first 
sampling of the interstellar medium. 

Helio-Gravisphere 

Gravitationally speaking, interstellar space is the region in which the galactic field rather than a particular stellar 
field dominates. At Sun’s distance from the galactic center (8200 pc) galactic parabolic velocity is 290 km/sec (Ref. |2). 
From these values one can compute the radius of the Sun's nominal activity sphere to be about 1.14 ly. The galactic field 
is not strictly radially oriented because of the large dimensions of the central mass and because of the masses in the 
spiral arms beyond Sun's distance. Moreover, the basic galactic field shows local variations because of inhomogeneous 
stellar clustering. Therefore, no simple relation exists for the extent of the solar activity sphere. But the above figure 
shows at least that the solar field dominates out to about 1 light year distance--far beyond the mere 5-lh radius of the 
known solar system. The dimensions of the orbits of near-parabolic comets attest to this fact. 

Ultraplanetary Zone (UZ) 

In addition to magnetic and gravitational fields, micromatter and nucleonic matter is an important environmental 
factor. In, the comparative proximity of the Sun, dust and plasma density is likely to be higher than the average interstellar 
value. In order to account for a transition region between interplanetary and interstellar environmental conditions, we 
define an ultraplanetary zone (UZ). For want of definite data we postulate that the UZ extends to a distance of 0.1 ly from 
the Sun, that is, 158 solar system radii (1 ssr = 40 AU) or 6320 AU. 

Sub-Optical Zone (SOZ) 

At interstellar ranges that include other stars, the space-time continuum and the flight speed through which the 
two components are interrelated begin to assert themselves... 

OBJECTIVES 

Exploration beyond the limits of this solar system has two fundamental objectives (Fig. 2): scientific exploration and 
search for galactic intelligences in other solar systems. The objectives of scientific exploration into four disciplines: stellar 
physics, space physics, astroplanetology and astrobiology. While solar system exploration also involves the search for 
life, the scope of interstellar operation is far greater because of the wide variety of living organisms that may have arisen 
during the past 5 or more billion years on alien planets around stars more or less different from our Sun. Astroplanetology 
covers a virtually unlimited number and variety of planetary systems, from formative to fossil worlds circling dying or 
dead stars.... 


Similar musings were in play at the same 1971 conference by others in addition to Ehricke. For 
locations “near” the Sun, Despain et al. identified “big picture” items, including (Despain et al., 
1971): 


..the purpose of missions to the edge solar system as: 


e —_ Explore the boundary of the sun's sphere of influence. 

e Seek the primordial conditions of the solar nebula. 

° Explore fields, particles, gas, and dust in the extended solar nebula 

e —_- Provide correlations with near-Earth Observations of particles and fields to develop a solar-system-wide 
picture of solar system processes. 


Missions into interstellar space will extend observations into the great distances between stars. In this tenuous 
environment sensitive measurements will be needed for such programs as: 


e = Aninterstellar monitoring platform to conduct long-term observations of fields, particles, gas, and dust. 

e —_ Long-baseline observations made jointly with earth-based or near earth instruments such as radio inter- 
ferometers, and studies of large scale correlations of interstellar fields. 

e Astrophysics experiments in relativity, interstellar chemistry and physics in the relatively field-free regions 
far from any star. 


They categorized both scientific objectives and measurement techniques based on the emphasis 
of a given robotic mission: 
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Table 11-2. Objectives and Techniques from “Missions Beyond the Solar System”—1971 


Stellar Emphasis Planetary Emphasis Life Emphasis 
Stellar Integral and Surface Prop Planet ARV System Detection Life Detection Prop 
Stellar Structural Detail Planetary System Structure Nonequilibrium Prop 
Stellar Nebula Prop nterior or Bulk Properties Atmospheric Environment Prop 
Stellar Environmental Relationships Planetary Atmospheric Prop Surface Environment Prop 
Binary Interactions Surface Prop Organic/Biotic Record 
Interstellar Medium Prop nterplanetary Prop UFE Biochemistry, Behavior, etc. 

Edge of Solar System Interstellar Space Stellar Emphasis Planetary System and Life 
Charged Particle Tech Charged Particle Tech Imaging Imaging 
Magnetic Mapping Magnetic Mapping Spectrometry Surface Lander Tech 
Tracking RF Tech Radiom/Phot Spectrometry 
Particulate Analysis Tracking X- and y-Ray Tech Tracking 
RF Tech Interferometry Charged Particle Tech Magnetic Mapping 
Interferometry Astrometry RF Tech Sounding Tech 
Astrometry X- and y-Ray Tech Magnetic Mapping Radiom/Phot 
etc. Tracking etc. 


Dessler and Park focused on “The First Step Beyond the Solar System” (Dessler & Park, 1971) in 
considering the then-current notions of the interaction of the solar wind and interstellar medium 
(Dessler, 1967) and the types of new knowledge expected from the upcoming Pioneer F and G 
launches (denoted as Pioneer 10 and 11, respectively, after those launches), after their Jupiter 
flybys. 


11.3.3.3. JPL Interstellar Precursor—1976 


The discussions continued to evolve as the focus settled on the idea of an interstellar precursor mis- 
sion. In the JPL-led consideration of such a mission, the primary objectives focused on the helio- 
sphere and its interaction with the local interstellar medium and the use of the long observation 
baseline possible from such a spacecraft; secondary objectives focused on a close observation of 
Pluto, characteristics of galactic and extragalactic objects, and observations of a solar system from a 
spacecraft (Jaffe & lvie, 1979). Corresponding observations were planned, and others were rejected: 


Table 11-3. Objectives and Techniques from JPL Interstellar Precursor—1976 


Scientific Objectives 


Primary Objectives 


i Characterize the heliopause, where the solar wind presumably terminates against the incoming interstellar me- 
dium 


Determine characteristics of the interstellar medium 


Improve the stellar and galactic distance scale, through measurements of the distance to nearby stars 


Determine characteristics of cosmic rays at energies excluded by the heliosphere 


mM) RB] wl) nN 


Determine characteristics of the solar system as a whole, such as its interplanetary gas distribution and total 
mass 
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Secondary Objectives 
1 Determine characteristics of Pluto and its satellites and rings, if any 
If by 2000 there had been a mission to Pluto, this objective would be modified. 
2 Determine characteristics of distant galactic and extragalactic objects 
Evaluate problems of scientific observations of another solar system from a spacecraft 
Planned Observations 
Heliopause | Magnetic, electric, and plasma measurements with conventional instrumentation but high sensitivity 
and Inter- Plasma blobs via radio scintillation at wavelengths ~1 m 
stellar Me- — ; ; 
ailins Radiation temperature via detector cooled to “a few Kelvins” 
Dust via impact-ionization mass spectrometer 
Mass spectrometer + plasma analyzer for ions 
Neutral gas spectrometer needs greater sensitivity and signal-to-noise ratio than now available 
Gas composition via absorption spectroscopy looking back at the Sun: D/H, H/H_2/H*, He/H, He3/He%, C, N, O, 
and Li, Be, and B if possible 
Stellar and Baseline of a few hundred to a few thousand astronomical units to triangulate to Cepheid variables a few thou- 
Galactic Dis- | sand parsecs away; need resolution of a fraction of an arc sec + 1M objective diameter 
tance Scale 
Cosmic Rays | Low-energy cosmic rays; measure to energies below 10 MeV and to 10 keV or lower; can use conventional in- 


strumentation 


Solar System 
as a Whole 


Spatial distribution of neutral and ionized gases and of dust 


Mass of entire solar system via dual-frequency Doppler tracking 


Continuum observations to see dust; fluorescent observations of spectral to see neutral gas 


Observations 


Optical observations of faint extended objects without background of reflected light from gas and dust in solar 


of Distant system 

Objects Observations of distant objects via radio astronomy below 1 kHz with very-low-frequency (VLF) receiver and long 
dipole or monopole antenna 
Radio and gamma-ray event timing for triangulation across Earth to spacecraft baseline 
Measure galactic hydrogen distribution via ultraviolet/visible (UVV) spectrophotometry outside of local concen- 
tration due to the Sun 

Pluto Measurements with TV camera, infrared (IR) radiometer, UVV spectrometer, particle and field instruments, and 
IR spectrometer for a flyby only 
Atmospheric properties via ultraviolet (UV) observations during solar occultation and radio observations of Earth 
occultation; radio tracking to provide mass 
Addition of an altimeter for surface features and a gamma-ray spectrometer for surface composition if an orbiter 
mission is included 

Gravity Long baseline and precision two-way Doppler measurements between the spacecraft and Earth 

Waves 

Simulated Look at operational choices and observations during approach — only if motion is revered and the spacecraft is 

Stellar En- directed back to the solar system 

counter 
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Measurements Not Planned 


Detecting Comet encounters would be accidental — all fluxes, particle and photon, are too low 
the Oort 
Cloud of 
Comets 


Very-Long Would require very high data transmission rates to Earth that are not feasible 
Baseline In- 


Ambiguities not resolvable with only two receivers 
terferometry 


Structures resolvable with such baselines are likely low flux, and coherence may not be maintained because of 
irregularities in the interstellar medium 


Issues 


Two spacecraft with asymptotic trajectories at right angles would give better heliospheric structure information and better 
baseline for transient radio and gamma-ray transient source location 


Neutral gas mass spectrometer — difficult sensitivity issues, C, N, O at ~10-> to 10-4 atom/cm?; Li, Be, and B at ~10-!° atom/cm? 


A corresponding set of instruments was posited, but with no specifications provided: 


Vector magnetometer Electric field meter 

Plasma spectrometer Camera(s), long and short focus (aperture about 1 m) 
Ultraviolet/visible spectrometers Gamma-ray transient detector 

Dust impact detector and analyzer If a Pluto flyby or orbiter is planned: 

Low-energy cosmic-ray analyzer Infrared radiometer 

Dual-frequency radio tracking (including low frequency with high-fre- Infrared spectrometer 


quency uplink) 
Radio astronomy/plasma wave receiver (including VLF; long antenna) | If a Pluto orbiter is planned: 
Mass spectrometer Gamma-ray spectrometer 
Microwave radiometer Altimeter 


11.3.3.4. Thousand Astronomical Unit (TAU) Mission—1986 


Scientific goals for the TAU mission were formulated at the TAU Thinkshop, held 29 September 
1986 at JPL (Etchegaray, 1987). These had a heavy focus on what could be accomplished with a 
1000-au baseline for astronomical/astrophysics observations (and need to be rethought in light of 
what has been accomplished with the Gaia mission). 


Table 11-4. Goals and Instrumentation for TAU—1986 (Etchegaray, 1987) 


3.1 Visible and IR Stellar Parallax 
3.1.1 Uncertainty in the Expansion Rate of the Universe 
The period luminosity relation 
3.1.2 Age of the Galaxy 
Ages of the globular clusters 
3.1.3 Galactic Structure 
The gravitational mass of the Galaxy 
Dynamic temperature of the disk and halo of the Galaxy 
Distance to the galactic center 
3.1.4 Stellar Evolution 
Early stellar evolution and resolution of cloud complexes 
The initial mass function 
Binary star evolution 
Late stages of stellar evolution 
Study of peculiar objects 
a. Carbon Stars 
b. Young Protostars 
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3.1.5 Targets of Opportunity 
Objects with unknown distance: 
O-B Associations 
Regions of high polarization (filamentary) 
Nuclei of planetary nebulae 
Nova during observation 
Nova remnants 
Supernovae 
Pulsars 
Open clusters, young and very old 
Local Group - dwarf galaxies 
Local Group - M31 bright members 
M33 
M81 
S Doradus - LMC 
47 Tucanae - LMC 
Supernova remnants 
Intergalactic objects in LMC and SMC 
Infrared objects discovered by IRAS, SIRTF, LDR 
New interesting objects identified by HST, AXAF, LDR, GRO 
3.2 Astronomy, Astrophysics, and Cosmology 
3.2.1 Interstellar Gases 
Cosmic abundance of hydrogen 
Abundance and distribution of He3/He4, D/H, and Li6/Li7 
Abundance and distribution of H, He, C, N, and O 
Radio Science - VLBI studies of interstellar scintillation 
3.2.2 Astronomy 
Radio Science - VLBI studies of very compact radio sources 
Low frequency radio astronomy 
Gamma-ray burst timing and positioning 
Gravitational lensing - quasar studies 
Among the projects TAU will be able to accomplish are the following (Ref. 13 Jones, D., memo, Jan- 
uary 16, 1987.]). 
a. Test the hypothesis that high amplitude events are caused by gravitational lensing by indi- 
vidual stars in an intervening galaxy. 
b. Determine the size of the region responsible for the optical continuum emission of quasars 
by observing spacial [sic] luminosity differences during high amplification events (HAE). 
c. Observe brightness variations in quasars due to the transverse motion of the lensing star 
(and the intervening galaxy) with respect to the background quasar. 
d. Determine the number of bodies causing the gravitational lensing of observable quasars. 
A large sampling of quasars is required to do this study. 
3.2.3 Cosmology 
Gravitational wave detection 
Spatial variations of G 
IR background 
3.2.4 Solar System Studies 
Zodiacal light 
Planetary system 
As TAU leaves the solar system, it could study the zodiacal light from a distance, in visible as 
well as IR wavelengths. The study of what a “solar system dust cloud” looks like from a distance 
could be used to correlate with detections of other dust clouds, such as those surrounding Vega 
and Beta Pictoris, which have recently been made (Ref. 26 [Dumont, R. and A-C. Levasseur- 
Regourd, “Gradients of Temperature, Albedo and Density in the Zodiacal Cloud, as Deduced from 
the Available Thermal and Optical Observations,” Astronomy and Astrophysics, in press, 1987]). 
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Determination of the total solar system mass 
By the time the spacecraft reaches 1000 AU a substantial amount of the mass of the inner 
Oort Cloud will be inside the orbit of TAU. A more accurate determination of the mass of the solar 
system than has been done to date can be done with TAU (Ref. 28 [Hanner, M., memo, December 
18, 1986.]). 
3.3 Space Plasma Physics 
3.3.1 Dust 
Solar system 
Heliopause 
Interstellar Medium 
3.3.2 Plasma and Energetic Particles Distribution 
Heliosphere 
Interstellar medium 
3.3.3 Low-energy Cosmic Rays 
3.3.4 Magnetic Field Morphology 
Heliosphere/Heliopause 
Interstellar medium 
3.3.5 Plasma Waves 
Heliosphere/Heliopause 
Interstellar medium 


4.0 SCIENCE INSTRUMENTATION 


The scientific objectives listed in the previous section define the need for a specific complement of scientific instruments. 
Below is a preliminary list of the instruments that were suggested to accomplish the proposed investigations. 


Strawman science payload: 

Optical/IR Telescope 

Cosmic Ray Detector 

Dust Detector 

Energetic Particle Detector 

lon/Neutral Particle Detector 

Gamma-Ray Spectrometer 

Magnetometer 

Plasma Particle Detector 

Plasma Wave Instrument 

Ultraviolet Spectrometer 

Very Low Frequency Radio Astronomy Antenna 
a. Dipole antenna 
b. Pointable dish 


Much more effort is necessary to establish the interactions of these various instruments with each other and 
their effect on the overall spacecraft design. 


11.3.3.5. Interstellar Probe—1990 and Forward 


Beginning with the 1990 report by Holzer et al. discussing an Interstellar Probe mission (T. E. Holzer 
et al., 1990), concept payloads were accompanied by mass and power estimates. The pattern is 
typical for difficult missions in formulation: low-risk instrumentation characteristics typically lead 
to an over-subscribed payload, while instruments posited by the spacecraft and mission develop- 
ers typically lead to optimistically low mass and power numbers. Table 11-5 duplicates and adds 
to that found in (Ralph L. McNutt, Jr. et al., 2011). 


11-65 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


Notes: Instrument names are from Innovative Interstellar Explorer (IIE) (Table 2 of R. L. McNutt, 
Jr. et al., 2005), and the spacecraft mass is that of the Option 1 baseline, not including the REP 
system, yielding a total wet mass of 1249.9 kg. Equivalences to payload elements on other space- 
craft are notional and sometimes very divergent with respect to capabilities; they provide a rough 
guide only. Interstellar Probe 1990 is from (T. E. Holzer et al., 1990); Pioneer instrument masses 
are from Pioneer H Jupiter Swingby Out-of-the-Ecliptic Mission Study, NASA Technical Memoran- 
dum NASA-TM-108108 (1971) including 0.3 kg (0.272 kg) for the high-field fluxgate magnetometer 
flown on Pioneer 11 but not on Pioneer 10 (also brings the total mass up to 252.1 kg) (Christiansen 
et al., 1971); Voyager masses are originally from the National Space Science Data Center (NSSDC), 
and updated numbers are from (Heacock, 1980); New Horizons masses are from Space Sci. Rev., 
140 (1-4), 2008; Ulysses masses are from Astron. Astrophys. Suppl. Series, 92, 207 et seq., 1992; 
IBEX masses are from (McComas et al., 2009), and the wet mass for the overall flight system with 
kick motor is 457.7 kg; STEREO masses are from Space Sci. Rev., 136 (1-4), 2008; Helios masses 
are from Raumfahrtforschung, Band 19, Heft 5, September/Oktober 1975 (not all are available; 
marked “NA”) and fact sheets in Raumfahrtforschung, Band 19, Heft 4, Juli/August 1975; and In- 
terstellar Heliopause Probe (IHP) masses are from (Wimmer-Schweingruber, McNutt, Schwadron, 
et al., 2009); the launch mass of 517 kg includes margins. Advanced Composition Explorer (ACE) 
masses are from (E. C. Stone et al., 1998). Van Allen Probes masses are from (Kirby et al., 2013). 
Masses for IMAP are from the white paper submitted to the last Heliophysics Decadal Survey 
(there is an addition error of 2 kg in the total). IIE (technology readiness level [TRL] 9) refers to 
instruments identified with close functional capabilities that have flown; NEP (2008) refers to the 
entries in Table 2 (entitled “Instrumentation of the daughter probes”) of the Zurbuchen et al. NASA 
Space Science Vision Missions study (Zurbuchen et al., 2008). 


The entries for “Small Interstellar Probe (1994)” are the corresponding entries from (Mewaldt et 
al., 1995). The “A Sole/Ad Astra 1997” configuration of 1997 (R. L. McNutt, Jr. et al., 1997) was the 
precursor to the NIAC Realistic Interstellar Probe effort; the wet mass of 311.9 kg does not include 
the 216-kg Star 20B kick stage (brings the total stack mass to 527.9 kg). Entries for NASA’s IPSTDT 
of 1999 are from that study, and the spacecraft mass of 150 kg (~246 kg with solar sail) is from 
(Liewer et al., 2001); entries for NIAC (2004) refer to the Phase II “Realistic Interstellar Explorer” 
(R. L. McNutt et al., 2004). 
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Table 11-5. Instrument Masses on Deep-Space Robotic Spacecraft 
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11.3.3.6. The Enduring Questions 


Beginning with the Holzer et al. report, there was a shift in emphasis toward heliospheric science 
objectives. From the Scarf et al. report of the Task Group on Solar and Space Physics, Space Science 
Board, Commission on Physical Sciences, Mathematics, and Resources, National Research Council 
Solar and Space Physics: Space Science in the Twenty-First Century — Imperatives for the Decades 
1995 to 2015 (Scarf et al., 1988), the identified scientific measurement priorities were as follows: 


1. Heliopause and Interstellar Medium: Determination is needed of the characteristics of the solar wind just 
inside the heliopause, of the heliopause itself, of the accompanying shock (if one exists), and of the region 
between the heliopause and the shock. 

2. Cosmic Rays: Measurements should be made of low-energy cosmic rays, which the solar magnetic field 
excludes from the heliosphere. 

3. Pluto: |f a Pluto flyby is contemplated, measurements should include optical observations of the planet to 
determine its diameter, surface and atmosphere features, and an optical search for and observations of 
any satellites or rings. 


These were summarized as: 


The objectives of the mission are to determine the characteristics of the heliopause, interstellar medium, low-en- 
ergy cosmic rays excluded from the heliosphere, and global interplanetary gas and mass distribution of the solar system, 
and possibly, a much more precise determination of the stellar and galactic distance scale through parallax measure- 
ments of the distance to nearby stars. 


The exploration of Pluto—and Kuiper Belt Object 2014 MU69—has now, of course, been accom- 
plished with the New Horizons spacecraft as a dedicated mission. The SWAP, PEPSSI, and VB SDC 
instruments continue to make heliospheric observations of note of the solar wind, energetic par- 
ticles, pickup ions, and dust. The other two objectives continue to be the focus of the Voyager 1 
and Voyager 2 missions, with both of those coming to the end of their lifetimes, as their power 
supplies continue to decline. 


Holzer et al (1990) shortened these to the following: 


1. Explore the nature of the interstellar medium and its implications for the origin and evolution of matter 
in the galaxy. 

2. Explore the structure of the heliosphere and its interaction with the interstellar medium. 

3. Explore fundamental astrophysical processes occurring in the heliosphere and the interstellar medium. 


There is also discussion of measuring the infrared flux so that “dust and comet clouds near the Sun 
could be recognized by their parallax and there is a good chance of seeing individual comets as 
the spacecraft passes through the Kuiper Belt. Getting outside the zodiacal dust may also be critical 
for cosmology if the cosmic IR background is too faint to recognize through the foreground dust 
in the inner solar system. This instrument might have some heritage from the COBE DIRBE exper- 
iment” (T. E. Holzer et al., 1990). 


The IPSTDT of 1999 formulated the scientific objectives as follows (Liewer et al., 2001; R. Mewaldt 
& P. Liewer, 2000): 


1. Explore the nature of the interstellar medium and its implications for the origin and evolution of matter 
in our Galaxy and the Universe; 
2. Explore the influence of the interstellar medium on the solar system, its dynamics, and its evolution; 
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3. Explore the impact of the solar system on the interstellar medium as an example of the interaction of a 
stellar system with its environment; 
4. Explore the outer solar system in search of clues to its origin, and to the nature of other planetary systems. 


These flowed from four corresponding questions formulated as part of the development of 
Quest 3 of the Sun-Earth Connection (SEC) Roadmap, as it was discussed at the Third IPSTDT meet- 
ing at JPL on 17-19 May 1999 (also cf. Table 1 of R. L. McNutt, Jr. et al., 2005): 


1. What is the nature of the nearby interstellar medium? 

2. How do the Sun and galaxy affect the dynamics of the heliosphere? 

3. What is the structure of the heliosphere? 

4. How did matter in the solar system and interstellar medium originate and evolve? 


The science objectives have evolved over the intervening years (e.g., Zurbuchen et al., 2008): 


1. Explore the nature of the interstellar medium and its implications for the origin and evolution of matter 
in our galaxy and the Universe 

2. Explore the influence of the interstellar medium on the Solar System, its dynamics, and its evolution 

3. Explore the impact of the Solar System on the interstellar medium as an example of the interaction of a 
stellar system with its environment 

4. Explore the outer Solar System in search of clues to its origin and to the nature of other planetary systems 

5. Explore the Universe from a unique vantage point beyond the zodiacal light and far from Earth 


The objectives have consistently focused on science questions and scientific measurements that 
can be addressed in no other way than with an Interstellar Probe. 


11.4. Interstellar Probe Trajectory Trades—Ballistic Options 


The idea of using a large launch vehicle to provide a ballistic solution for propulsion for an Inter- 
stellar Probe mission grew from a question posed by the National Academies in 2008. The ques- 
tion—and subsequent report—were sponsored by NASA to address the question of what science 
could be enabled with the Ares V launch vehicle. This was the large rocket component of the Con- 
stellation program. The presentation on the concept was made 21 February 2008 at the Keck 
Building in Washington, DC, to the Committee on Science Opportunities Enabled by NASA’s Con- 
stellation System (NRC, 2008). This was followed by a workshop on the same topic at NASA’s Ames 
Research Center in August 2008 (Langhoff et al., 2008). None of these “quick-look” efforts were 
funded by NASA; all work derived from internal APL overhead funds. 


The February presentation built on the previously funded NASA “Vision Mission” effort for using 
REP (Fiehler & McNutt, 2006; R. L. McNutt, Jr. et al., 2005). With respect to the use on an Ares V, 
the following points were noted: 


11.4.1. Constellation Architecture Changes (Some of the) Launch Vehicle “Rules” 
* Ares V can only provide C3 of ~70 km?/s?. 


— Average Earth orbital speed vo = 29.79 km/s = 6.28 au/year 
— Let Vo = asymptotic escape speed from solar system 
— With no gravity assist or REP: C3,min = Vo2 (22/2 - 1)? = 153 km2/s2 
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— In general, Voo = vo [ (1 + C3”2/vo)? - 2 J”? 
* Optimized launch (higher C3) requires a cryogenic upper stage. 


— These are expensive. 

— These are heavy. 

— Acustomized design would be required for the Delta IV Heavy; existing Centaur is too 
heavy. 


¢ Ares V provides more lift capability for an upper stage, needed for high-energy launch. 
¢ Ares | upper stage has too high a dry mass to use. 


11.4.2. Constellation “Quick Look” 


* Key to performance is high-energy launch — need upper kick stage with the “right” dry 
mass. 


— Ares | upper stage is too large to be launched by the Ares V to LEO 

Looked at just the Ares V to a positive C3 and only got to a C3 of ~70 km?/s* because 
of the large dry mass of the Ares V upper stage 

— Added a Centaur from the Atlas V and got a C3 of ~ 270 km?/s? 

— Ran that trajectory out and got to 200 au in ~25 years with aJGA 

Quick look at fitting the Centaur in the Ares V shroud; appears to fit 

— May have to use the ogive at the top for the IIE, but there should be room 


¢ So, the “quick-look” launch architecture is as follows: 


— The baseline Constellation Ares V vehicle launches the IIE + Centaur + Ares V upper 
stage to LEO. 

— The Ares V upper stage sends the stack to a “low” positive C3. 

— The Ares V upper stage is then jettisoned, and the Centaur stage is fired to provide 
the remainder of the energy delivering 1500 kg to a C3 of 270 km?/s?. 


A “quick-look” analysis was also performed using the NERVA gamma stage rather than a Centaur. 
Aside from the TRL, the nuclear stage was not a good technical fit. This approach was presented 
at the 60th IAC in Daejon, South Korea (2009) (Ralph L. McNutt, Jr. & Wimmer-Schweingruber, 
2011) and at the 61st IAC in Prague, Czech Republic (2010) (Ralph L. McNutt, Jr. et al., 2011). 


With the termination of the ASRG project (Ralph L. McNutt, Jr., Aleman, et al., 2015) and the ab- 
sence of a sufficiently low mass, long-lived isotopic power source for an REP system, the focus 
turned to what might be accomplished using a large ballistic launcher alone. Although Constella- 
tion and Ares V had been canceled, a new large launch vehicle for human deep-space missions, 
the SLS, was beginning development. 
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Initial assessments of carrying out an Interstellar Probe mission with the SLS were reported at the 
65th IAC (2014) in Toronto, Canada (Ralph L. McNutt, Jr. et al., 2014) and the 66th IAC in Jerusalem, 
Israel (2015) (Ralph L. McNutt, Jr., Benson, et al., 2015). A reexamination of mission requirements 
and the current state of the art of propulsion requirements was discussed at the 67th IAC in Gua- 
dalajara, Mexico (2016) (R. L. McNutt, Jr. et al., 2016). Most recently, a renewed focus on methods 
toward near-term implementation (as well as a summary of the past history of Interstellar Probe 
concepts) was presented at the 68th IAC in Adelaide, Australia (2017) (Ralph L. McNutt, Jr. et al., 
2017): 


11.5. Next Step(s) 


With the maturation of the SLS design and its variants, particularly that of the “Block 1B” and the 
“Block 1B+ (‘plus’),” and the award of study money from NASA’s Heliophysics Division (13 June 
2018 through 28 February 2019), it is imperative that a robust “snapshot” be made of SLS capa- 
bilities for an Interstellar Probe. Such information about realistic, near-term possibilities is imper- 
ative for informing the science community well in advance of the next Heliophysics Decadal Sur- 
vey, which will nominally cover the decade 2023-2032. 


Propulsion implementation has been a significant discriminator in “putting off” an Interstellar 
Probe during the past two decades. With the Voyager spacecraft now nearing the end of their lives 
because of the decay of their power sources (driven by Pu-238 in the Multi-hundred Watt Radioi- 
sotope Thermoelectric Generators [MHW-RTGs]), it is more important than ever that this line of 
scientific exploration of near interstellar space be reconsidered. 


11.5.1. Decadal Surveys 


In the Decadal Survey covering 2003-2012 (NRC, 2003), Table 2.4, “Deferred High-Priority Flight 
Missions (Listed Alphabetically),” lists one large mission: Interstellar Probe with the “Reason for 
Deferral” as “Advanced propulsion technology needed.” 


The context is given in the “Integrated Research Strategy” under “The Heliosphere and Its Com- 
ponents” (pp. 57-58): 


The boundary between the solar wind and the local interstellar medium (LISM) is one of the last unexplored regions 
of the heliosphere. Very little is currently known about this boundary or the nature of the LISM that lies beyond it. The 
outer boundary of the heliosphere will eventually be sampled directly by an Interstellar Probe mission. Advances in pro- 
pulsion technology are expected to make such a mission feasible during the decade 2010-2020. Although it cannot yet 
be included in the program recommended by the committee, an Interstellar Probe is a high-priority future mission for 
which the required technology investments should begin as soon as possible. In the meantime, certain aspects of the 
heliospheric boundary and the LISM can be studied by a combination of remote sensing and in situ sampling techniques. 
This investigation could be accomplished by an Interstellar Sampler mission traveling to distances of several AU to meas- 
ure the neutral atoms of the LISM that penetrate well into the heliosphere and to obtain energetic neutral atom images 
and extreme ultraviolet images of the heliospheric boundary. Such a mission is gauged to be feasible within the resources 
of the Explorer program and so is not prioritized separately in this report. 


Discussion of the technology concepts referred to can be found on page 85 along with a recom- 
mendation to NASA: 
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Missions to the outer planets and beyond, including an Interstellar Probe, require propulsion capabilities that sig- 
nificantly exceed those of the present fleet of launch vehicles. Nuclear electric propulsion (NEP) is being considered as a 
promising solution to the problem of providing the high-performance propulsion capabilities that such deep-space mis- 
sions will need. The NASA 2003 budget submitted to Congress contains funding to support the study of NEP technology, 
and the ROSS-2002 NASA research announcement solicits proposals for propulsion and power studies that will lead even- 
tually to the development of an NEP capability. When such a propulsion technology becomes available, there is little 
doubt that an Interstellar Probe will become one of the most exciting of the future missions that could reach beyond the 
solar system. 

Although recent advances in high-efficiency solar arrays can support small- and moderate-scale missions to Jupiter, 
radioisotope thermoelectric generators (RTGs) are needed for most missions to the outer solar system. They might also 
simplify the design of a Solar Probe mission and make multiple passes into ~4 solar radii a possibility. Pioneers 10 and 11, 
Voyagers 1 and 2, and the Ulysses, Galileo, and Cassini missions have all used RTGs as the source of their electrical power, 
with the Voyager and Pioneer missions having demonstrated long-term (>25-year) reliability. The 2003 NASA budget 
provides funding for the renewed production of RTGs. 

Recommendation: NASA should assign high priority to the development of advanced propulsion and power technol- 
ogies required for the exploration of the outer planets, the inner and outer heliosphere, and the local interstellar medium. 
Such technologies include solar sails, space nuclear power systems, and high-efficiency solar arrays. Equally high priority 
should be given to the development of lower-cost launch vehicles for Explorer-class missions and to the reopening of the 
radioisotope thermoelectric generator (RTG) production line. 

These advanced technologies include solar sails, space nuclear power systems, and high-efficiency solar arrays. 
Equally high priority should be given to the development of lower-cost launch vehicles for Explorer-class missions and to 
reopening the RTG production line. 


In the next Decadal Survey (NRC, 2013), comments on an Interstellar Probe were relegated to the 
“Report of the Panel on Solar and Heliospheric Physics,” with no mention in the main body of the 
report. In section 10.2.1, “Prioritized Imperatives for NASA,” the last two priorities were as follows 
(p. 265): 


8. Carry out advanced planning for the Solar Polar Imager and Interstellar Probe missions (§10.5.2.6, §10.5.2.7). 

9. To develop solar-sail propulsion for future Heliophysics Division missions, invest about $50 million as “seed 
money” in a full-scale solar sail demonstration mission by partnering with the Office of the Chief Technologist’s 
Technology Demonstration Missions program (§10.5.2.8). 


Section 10.5.2, “New Imperatives for NASA” (p. 299) states: “Sections 10.5.2.5-10.5.2.7 discuss 
one high-priority concept (L5) that should be considered for the following decade and two con- 
cepts—the Solar Polar Imager and the Interstellar Probe—that address high-priority goals but re- 
quire new propulsion technology and possibly other new technologies.” The contents of sec- 
tion 10.5.2.7, “Interstellar Probe Mission Concept” (pp. 309-310) read: 


Recent in situ measurements by the Voyagers, combined with all-sky heliospheric images from IBEX and Cassini, 
have made outer-heliospheric science one of the most exciting and fastest-developing fields of heliophysics. The meas- 
urements have transformed knowledge of the boundaries of the heliosphere. The Voyagers are now deep in the heli- 
osheath, and one or both may cross the heliopause in the next decade. Although they have performed spectacularly, the 
Voyager instruments are 1970s-vintage and, for example, are unable to measure suprathermal heavy ions or interstellar- 
plasma elemental and ionic charge-state composition. The interstellar probe!9 would make comprehensive, state-of-the- 
art, in situ measurements of plasma and energetic-particle composition, magnetic fields, plasma waves, ionic charge 
states, energetic neutrals, and dust that are required for understanding the nature of the outer heliosphere and exploring 
our local galactic environment. 

Advanced scientific instrumentation for an interstellar probe does not require new technology, as the principal 
technical hurdle is propulsion. (Also required are electric power from a low-specific-mass radioactive power source and 
reliable, sensitive, deep-space Ka-band communications.) Advanced propulsion options, which could be pursued with 
international cooperation, should aim to reach the heliopause considerably faster than Voyager 1 (3.6 AU/year). Possi- 
bilities include solar sails and solar electric propulsion alone or in conjunction with radioisotope electric propulsion.22+ 
The panel did not find either the ballistic or the nuclear electric power approach to currently be credible. In summary, to 
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enable achievement of this decadal survey’s key science goals in the coming decades, the SHP panel believes high priority 
should be given by NASA toward developing the necessary propulsion technology for visionary missions like SPI and 
interstellar probe. 


19 R. McNutt et al., Interstellar Probe, white paper submitted to the Decadal Strategy for Solar and Space Physics 
(Heliophysics), Paper 195 [cf. Table |.1: “Proposes an interstellar probe that can be launched during the coming 
decade.” ] 

2° R McNutt et al., Interstellar Probe, white paper submitted to the Decadal Strategy for Solar and Space Physics 
(Heliophysics), Paper 195. 

11. Johnson et al., Solar Sail Propulsion: Enabling New Capabilities for Heliophysics, white paper submitted to the 
Decadal Strategy for Solar and Space Physics (Heliophysics), Paper 122 cf. Table |.1: “Reports on a sampling of mis- 
sions enabled by solar sails, the current state of the technology, and what funding is required to advance the current 
state of technology such that solar sails can enable these missions.”]. 


Within Appendix B, “Instrumentation, Data Systems, and Technology,” the subsection entitled 
“Propulsion — Solar Sails” reads as follows: 


Heliophysics can benefit from observations of the Sun, Earth, and heliosphere from orbits requiring continuous 
propulsive activity to maintain or reach in a timely fashion. Vantage points above Earth’s poles, at sub-L1 locations, and 
at high ecliptic latitudes have unique properties that enable important observations. Six community white papers advo- 
cated science enabled by this technology, and previous strategic studies have advocated solar sails. Past heliophysics 
mission concepts include a solar polar imager, a stationary Earth polar observatory, upstream solar wind monitoring at a 
sub-L1 location, an LS mission, Solar Sentinels, and Interstellar Probe. 

Significant investments have already been made in the United States and abroad. The Japan Aerospace Exploration 
Agency (JAXA) and NASA carried out dedicated tests of solar sailing for primary thrust using the IKAROS spacecraft and 
NanoSail-D2. Without an appropriate demonstration mission that goes beyond the small-scale, heavy-sail tests to date, 
the possibility of using this technology in the future will remain in doubt. NASA’s Office of the Chief Technologist has 
suggested a technology demonstration line that could cover 75 percent of the cost of a $200 million solar sail demon- 
stration mission. The committee strongly urges that this potential opportunity be pursued to demonstrate a 25 g m~, 
~40-m solar sail.* 


1 See Section 2.4.4.4 of NASA, In-Space Transportation Capability Portfolio, 2005. 


There are also Decadal Mid-Term Assessments centered between the Decadal Surveys to assess 
progress against those documents. A new mid-term assessment is about to be stood up for helio- 
physics (indeed this ongoing study can help address “NASA Imperative” number 8 already noted 
above and will hopefully be noted as such). 


From the previous Mid-Term Assessment for Heliophysics (NRC, 2009b), much of the progress— 
or lack thereof—as noted was funding driven. The following is from page 4 (the text is expanded 
on pp. 38-39): 


Technology Development 
Grade: C 


Finding: NASA is planning to add new small and medium launch capabilities and has made some progress in devel- 
oping advanced spacecraft systems and command-and-control and data acquisition technologies for spacecraft constel- 
lations. But NASA’s progress in developing solar sails is limited, and NASA has only recently begun studying the feasibility 
of advanced space nuclear power systems and the availability of the necessary radioactive isotopes. These technologies 
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have been identified as strategic needs for upcoming missions. It is also unclear if the rate of technological progress in 
spacecraft systems can be sustained in the absence of a replacement for NASA’s canceled New Millennium Program, 
which provided a testbed for new technologies. NASA has also not followed up on decadal survey recommendations 
regarding advanced scientific instrumentation. 


11.5.2. Propulsion Options 


11.5.2.1. Nuclear Electric Propulsion and Project Prometheus 


Part of the context worth noting is the contemporaneous National Academies report on the res- 
toration of radioisotope power supply capabilities (NRC, 2009a) as well as the closeout report on 
the Project Prometheus Nuclear Electric Propulsion (NEP) study (Ashcroft & Eshelman, 2006; 
Taylor, 2005; Wollman & Zika, 2006). The latter, with Phase A funding of $463,897,341 (grand total 
per Table 13.3-1, which appears on p. 179 of the final report), identified major outstanding tech- 
nological development requirements, including providing for adequate reactor lifetime and a final 
mission life-cycle cost estimate (LCCE) for the Jupiter Icy Moons Orbiter (JIMO) mission of $12.751 
billion plus $3.565 billion for science and $5.161 billion for launch costs—a grand total of $21.478 
billion (real-year dollars, following the completion of Phase A in 2005). However, as noted on page 
4, the project was NOT allowed to continue into Phase B despite its extensive accomplishments: 


In FY 05, the project successfully completed Phase A, passing the JPL Project Mission and Systems Review (PMSR) in 
July 2005. Supporting this review was the Prometheus reference Spaceship design and project life cycle cost estimate, 
68 “gate product” documents, and an extensive library of other documentation. Prometheus also completed an Analysis 
of Alternatives (AoA) study for ESMD and performed planning activities for a DSV Demonstration Mission to the Moon. 

However, NASA re-evaluated its priorities in light of available funding. NASA indicated that Return to Flight, Inter- 
national Space Station, and Crew Exploration Vehicle were the highest priority tasks for the Agency. The Agency nuclear 
initiatives were postponed to a large extent, and work within the nuclear systems program was reprioritized. NEP was 
given third priority behind nuclear surface power and nuclear thermal propulsion. Consequently the Prometheus Project 
was directed to not proceed into Phase B. In addition, the Project was asked to support a major Agency study, the Explo- 
ration Systems Architecture Study (ESAS), in the area of lunar surface power. The Project delivered the Lunar Fission 
Surface Power Station Study Final Report on August 17, 2005. 

The Project was officially discontinued effective October 2, 2005. This Final Report and all project documentation 
are the final deliverables for the Project. 

Precursors to the Prometheus Project include the Space Power-100kW (SP-100) Project, the Deep Space One (DS1) 
mission, the NASA Evolutionary Xenon Thruster (NEXT) project, and the X2000/Deep Space Avionics (DSA) project. SP- 
100 was a Department of Defense (DOD)-NASA-DOE multi-party development that provided valuable experience and 
technology in developing a spaceborne nuclear reactor. The DS1 mission provided valuable experience in ion-propulsion 
development and mission operations. NEXT is an ongoing electric-powered ion thruster development involving JPL in 
collaboration with GRC and MSFC. X2000/DSA provided valuable experience in identifying and developing electronics 
and materials that will function in an extreme radiation environment. Precursors to the JIMO mission include Project 
Voyager and Project Galileo. Voyager and Galileo were science explorations of Jupiter and provided considerable expe- 
rience in understanding its harsh radiation environment. 


Although SEP continues under development, the Prometheus effort, coupled with the failure of 
the earlier SP-100 reactor program (The SP-100 Nuclear Reactor Program: Should It Be 
Continued’, 1992), effectively was the death knell for NASA’s implementation of NEP into space 
systems, which had been long pursued as a means of achieving large spacecraft speeds for a vari- 
ety of missions and for which Prometheus was to be the capstone pushing toward implementation 
on real systems (NRC, 2006). 
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Ultimately, the effort was defeated by the lack of true autonomy in nuclear fission systems (ongo- 
ing maintenance is required to provide the long lifetimes of the systems) and the mass of the 
associated thermal radiator and other auxiliary systems required to deal with rejected heat in 
space. Unlike on the ground, where waste heat from both commercial and military fission systems 
can be dealt with efficiently via location on waterways or in water, or with nearby cooling towers, 
waste heat in space can be rejected only by radiation, and one is at the mercy of the Stefan-Boltz- 
mann law, essentially turning all heat rejection problems into material problems. In addition, and 
importantly, low-thrust, long-duration propulsion systems are also at the mercy of their specific 
mass, i.e., the mass-to-electric-power ratio of the power-plant mass, including all radiators, con- 
vertors, and support equipment, or its inverse, the specific power a (E. Stuhlinger, 1964, 1967). 


(E. Stuhlinger, 1964) defined a “characteristic velocity” 


Vehar = V2aT 


and showed that for the optimum performance of a low-thrust system, this characteristic velocity 
needs to be about equal to the exhaust velocity and, in turn, about equal to the final velocity 
change. Here t is the operational time over which the speed change AV is put into the vehicle. The 
point has also been emphasized by (Shepherd, 1999) with a focus on nuclear systems: 


Nuclear electric propulsion systems suffer from serious limitations to achievable specific power, which results in a 
limit being set to the specific impulse that may be usefully exploited, thereby setting limits to the range of missions that 
would be of viable duration. This range could be of the order of a thousand AU, well beyond the planetary boundary but 
insignificant in terms of interstellar distances. The limited level of specific impulse would be well within the capacity of 
nuclear fission and would not require fusion. 


Here, Shepherd points to technologies not yet fully wrung out at the time of this writing, as shown, 
less than a decade, later through the analysis of alternatives (AoA) studies done with Prometheus 
(Appendix F, section F.2 of Taylor (2005)). This issue is apart from that already mentioned regard- 
ing autonomous reactor operation over at least a decade. 


11.5.2.2. The Solar Sail Conundrum 


The idea of large sails to trap the momentum of the radiation in the Sun—and later at potentially 
higher power levels from lasers—is not a new one. The idea of using light pressure from the Sun to 
propel a spacecraft through interplanetary space appears to have been originated by Tsander in the 
Soviet Union in 1924 (see NASA Technical Translation of V3 HayuHoro Hacneaua (Tsander, 1967)). 


In the summary of Tsander’s work, on page 18 under “Outline of Lecture on My Spaceship Read 
at Theoretical Section of Moscow Society of Astronomy Enthusiasts” (noted as from 20 January 
1924), Item B.VI. translates as “VI. Usages of mirrors and screens in place of rockets in interplane- 
tary space. Calculations and benefits.” Further, an excerpt from page 29 (from “Report of Engineer 
F. A. Tsander Concerning Interplanetary Voyages”) reads: 


For flights in interplanetary space, | am working on the idea of flying using tremendous mirrors of very thin sheets, 
capable of achieving favorable results (see drawing of mirror and dust, and sphere). 

In case people might later construct interplanetary stations in interplanetary space which would revolve around the 
earth like the moon, except closer to the earth, receiving travelers from the earth and sending out large interplanetary 
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spaceships for further travel, equipped with all the comforts, according to my calculations, the following design can be 
used. The interplanetary ships to be sent to other planets should be equipped with large mirrors almost one square 
kilometer in area; the interplanetary stations should also have mirrors, but even larger (see drawing). The light is collected 
by these mirrors and sent to the mirror of the interplanetary space-ship in flight. The low pressure of light over the 
tremendous distances of travel will result in tremendous flight speeds, thereby shortening flight durations. The greatest 
time required for flight to the nearest outer planet, to Mars, the so-called Red Star, will be about 2S6 days; the flight time 
to the nearest inner planet, Venus, will be about 14S days (flight drawing). There are other sources for the production of 
the velocities, investigation of which is in progress and will be reported on in our interplanetary Society. If we fly around 
a planet in space, the planet will attract us, curve our flight trajectory and so to speak pull us after itself, so that our flight 
speed after passing the planet will be greater than before; in the best case, flight around the earth might yield an increase 
of 10 km/sec, around Mars -- 4.S km/sec, around the largest planet of our solar system, Jupiter -- 24 km/sec and around 
our moon -- 2 km/sec (see diagram). Furthermore, if we approach a planet, then circle around it within its atmosphere, 
we can achieve high flight speeds: as when a small sphere strikes another large, rapidly moving sphere, the speed of the 
small sphere can be strongly increased. With this type of flight around the earth, we might receive an increment in flight 
velocity of about 50 km/sec, which should be quite important in performing various tasks in flights to other planets. 
However, this question of flying around a planet within its atmosphere requires further development (see drawing of 
flight in atmosphere). 

Let us analyze now the question of the effect of the force of attraction of the earth, planets and sun. We know that 
the force of attraction of the earth at a height equal to its radius, i.e., 6370 km over the surface, is only one fourth of the 
force which acts upon us on the surface; if the altitude is two radii, the force is only one ninth that which acts upon us at 
the surface, etc. Due to this, the work which must be performed in order to fly away from the earth into space is not 
infinite, but is only a finite quantity. However, if we were to perform infinite work on a stone, it would have the speed of 
light, i.e., 300,000 km/sec. In order to overcome the entire gravitational attraction of the earth, a speed of 11 km/sec is 
required. At a lower speed, we will rotate around the earth in an ellipse, at a higher speed we will fly away on a hyperbola 
to infinity (see drawing). 

If we overcome the attraction of the earth, we still retain the speed of the earth around the sun, i.e., approximately 
29 km/sec. If, for example, we add 3 km/sec to this velocity for a rocket, we attain very extended flight around the sun, 
our interplanetary spacecraft will move away from the sun and will reach the planet Mars at the furthest point on its 
trajectory, Mars being 1.5 times further from the sun than is the earth. If still more additional velocity is given to our ship 
by a rocket or by light pressure or by circling around Mars, we can reach the other planets. 


An excerpt from another report (Flights to Other Planets, beginning on p. 32 and then following 
from p. 34) reads: 


According to my calculations, the acceleration of these flights in interplanetary space can be performed using the 
pressure of light falling on thin sheets. If these sheets are made in the form of large circles and rotated, they will hold 
their flat form due to centrifugal force, in spite of the pressure of the light. Over the tremendous distances between 
planets, the slight pressure of the light will be sufficient for the acceleration required. 

The time of a flight to Mars, if we desire to save fuel, would be 256 days for a rocket. To do this, the rocket would 
have to take off from the earth in the direction of the earth's movement around the sun [15], adding 3 km/sec of addi- 
tional speed [16] to the 29 km/sec at which the earth rotates around the sun. This would cause the spacecraft to move 
in an orbit which according to my calculations would take it to the planet Mars. If we decrease the speed of 29 km/sec 
by 2.5 km/sec, the spacecraft would move on an inward trajectory, somewhat closer to the sun and would reach the 
planet Venus in 145 days. If more fuel is expended, in order to give the spacecraft additional speed greater than the 3 or 
2.5 km/sec, we will reach these planets more rapidly. 

The area of rocket design is still very little developed. It would be desirable to continue energetic work in this area, 
to make it possible for us to enter interplanetary space by orbiting around the earth as described above, then to reach 
new freedom, new capabilities and new worlds. 


11 August 1924 F. A. Tsander 


Thus, Tsander can be credited with both the concept of propulsion by light (“thin mirrors”) and 
the gravity assist, apparently rediscovered independently by Minovitch almost four decades later 
(M.A. Minovitch, 1961; Michael A. Minovitch, 1963). 
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The “solar sail” idea was bought up (also apparently independently) by (Garwin, 1958) and brought 
into the popular literature by (A. C. Clarke, 1964). The concept of using a laser for propulsion 
(Marx, 1966) followed soon after the first demonstration of a laser. A great deal of discussion of 
the use of solar sails for various missions has occurred during the intervening years. Solar sails 
were baselined for the NASA IPSTDT effort in 1999 (Liewer et al., 2001; Mewaldt & Liewer, 2001) 
as well as for a proposed Cosmic Visions mission for ESA (Wimmer-Schweingruber, McNutt & 
IHP/HEXTeam, 2009; Wimmer-Schweingruber, McNutt, Schwadron, et al., 2009). 


Incident sunlight on the body of a spacecraft alters the trajectory of that spacecraft. This has been 
observed by and well documented by a variety of missions, e.g., MESSENGER (O'Shaughnessy et 
al., 2014), IKAROS (Wikipedia, 2011), and NanoSail D (Johnson et al., 2011). In principle, the con- 
cept of the solar sails and solar sailing works. Less well studied are the mechanical constraints on 
sail configurations that are sufficiently low mass to enable high-speed Interstellar Probe missions. 


At the simplest level—an interstellar “sailcraft” powered by solar radiation pressure—the ratio of 
the solar radiation force to the gravitational force on the craft (the “lightness number” A) should be 
equal to or greater than unity, with the sail deployed face on to the Sun. This enables gravity to at 
least be “nullified” (for a unity lightness number), in which case the craft will simply exit the solar 
system at its heliocentric orbital speed. For example, a sailcraft in orbit at 1 au could exit the system 
at the orbital speed of the Earth, ~2m au per year, “6.3 au/year, or not quite twice the 3.6 au/year 
current speed of Voyager 1. To go faster, one needs to deploy the sail from a heliocentric orbit 
closer to the Sun. Because the (circular) heliocentric orbital speed is proportional to the inverse 
square root of the orbital radius, increasing the escape speed by a factor of 3—6m au/year (“18.8 
au/year) requires the initial heliocentric orbital radius to be 1/9th of an astronomical unit (~24 Rs). 


A different approach is easily derivable from the vis-viva equation for which the velocity v can be 
expressed in terms of the mean orbital speed vo of the Earth, the radial location of the spacecraft 
r (in astronomical units), and the semimajor axis of its orbit a (in astronomical units) by 


mood 2 1 
V = Vo |= 


Hence, the speed at perihelion Vp is given by 


or 
se [1 it 8(¥) 
SS 


So the increase by the factor of 3 could be achieved by reaching inward to 0.187 au or 40.2 Rs with 
a ballistic launch from Earth before deployment of the solar array. 


% = 
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Perhaps as a better example, consider Parker Solar Probe, with a total spacecraft mass of 685 kg 
launched with a Star 48BV kick stage atop a Delta IV Heavy launch vehicle. The spacecraft reached 
first perihelion on 5 November 2018 at 35.7 Rs (0.166 au). The speed was ~3.2 times the Earth’s 
mean orbital speed or 20.2 au/year. 


To be “neutrally buoyant” with an ideally reflective sail, the sailcraft would require an effective 
surface areal density of 1.539 g m® (see, e.g., section 3.1.1 of Ralph L. McNutt, Jr. et al., 2011). 
For a total sailcraft mass of 685 kg including the sail mass, support booms, and deployment mech- 
anisms, the implied sail area is 0.44 km, e.g., a perfectly reflecting square sail 667 m ona side, a 
number not unlike that first discussed by Tsander. This mass budget would have to contain a ther- 
mal shield for the spacecraft proper more capable than that of the MESSENGER mission to Mer- 
cury, and the sail structure and sails themselves would have to equally have such a thermal capa- 
bility. Structural robustness of the sail under the loads experienced at the launch also needs to be 
considered; this introduces additional constraints on the mechanical strength required for the sail 
supports when considered along with the lightness number constraints (Greschik & Mikulas, 
2002). Such constraints tend to drive up the mass fraction of the sailcraft that must be devoted to 
the sail support structure, further limiting the available mass of the spacecraft proper to smaller 
values than a zeroth-order initial analysis typically implies, and complicating any executable de- 
sign. 


Although sailcraft per se are achievable today, sailcraft of lightness numbers near unity remain at 
low TRLs because of such considerations. 


11.5.2.3. All-Ballistic Options 


With the less-than-promised specific mass capabilities of in-space propulsion schemes, both the 
promised performance and TRL levels of such schemes for an Interstellar Probe have remained 
short of expectations with low TRLs. Significant targeted technology developments for science mis- 
sions are not credible given the budget levels that have shown little change since the end of the 
Apollo program. Simply put, cost does matter (National Academies of Sciences, 2017), and to max- 
imize payload development needed to maximize the new science, spacecraft and launch hardware 
remain tied to already-developed approaches; this applies especially to means of propulsion. The 
aforementioned termination of the Prometheus program is a case in point. 


In any case, the use of the largest launch vehicles, while potentially enabling, also provides a cau- 
tionary note. Such usage must be truly enabling as the experience of trying to use Saturn Vs for 
Mars exploration under the Voyager program revealed before that program’s cancellation 
(Cortright, 1967). 


Given a compelling science case for an Interstellar Probe, along with the potential capability for 
implementation using the SLS or a near-term variant, the motivation has been present for some 
years to explore the possibilities (as outlined previously). With the upcoming Space and Solar Phys- 
ics Decadal Survey and the maturing—and funded—work on the SLS, coupled with a stated NASA 
desire to use the SLS for science as well as crewed missions, the ongoing study for a pragmatic 
interstellar probe seems a worthwhile one. The cautionary note is that one must also be realistic— 
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and that means conservative—in designing a mission architecture. In turn, that means making use 
of existing, qualified launchers and kick stages/upper stages. Such items are significant cost and 
schedule drivers even when operational, and totally new systems are simply not a realistic sched- 
ule/cost option. In particular, this rules out custom “small” NTP stages and deep-space, long-lived, 
cryogenic systems (e.g., liquid oxygen [LOX]/LH2), both of which are still on the drawing board at 
any rate and, of those initiatives, at stage sizes that are simply too large to provide adequate per- 
formance with a single SLS launch. 


The use of thermal shields attached to stages and the deep-space use of solid motors are already 
developmental and monetary risks, but certainly not to the extent of a totally new stage develop- 
ment program. 


The best-performing SLS variant on the horizon (currently) is the Block 1B+ Cargo configuration, 
which will have significant design commonality with the deep-space version to be used with the 
crewed Orion spacecraft. The Block 2 “first-use” date is already at the end of the 2020s and so is 
simply not consistent with a baseline approach for consideration during the next decadal period. 
Similarly, the contemplated spacecraft mass range of ~300-800 kg, as informed by the work on 
the ballistic approach to date, strongly biases the choice of a “final” upper stage to one similar to 
that being used on Parker Solar Probe and powered by a Star 48BV motor, although the Star 48GXV 
developed as an alternative early in the Parker Solar Probe program is another potential candidate. 
The question is then, does one also need to include yet another stage between the Exploration 
Upper Stage (EUS), the second stage of the SLS Block 1B and Block 1B+, and the upper Star 
48BV/48GXV stage? 


Initial indications are that the answer is “yes.” Because currently existing stages in a “good” mass 
range are preferred, these considerations have led to the current focus on the Centaur stage (sec- 
ond stage of the Atlas V) and the CASTOR 30B and CASTOR 30XL used in variants of the Antares 
launch vehicle. Use of SpaceX vehicles currently seems to be excluded because of the lack of cry- 
ogenic upper stages leading to poor performance at high C3s. Blue Origin launch vehicles are cur- 
rently under design with cryogenic upper stages, but these lag the EUS and Centaur (and the ICPS 
is too heavy, as is the Airbus Vinci stage being designed for the Ariane 6). The commercial sector 
remains fluid and so bears continued investigation, but the options they offer currently are not 
components of the current baseline based on performance as it currently exists for those vendors. 


11.5.3. Trajectory Considerations 


As is well known from the flight performance of the five solar-system-escaping spacecraft (namely 
Pioneer 10, Pioneer 11, Voyager 1, Voyager 2, and New Horizons), the velocity from the Sun’s 
gravity well is significantly enhanced by a “prograde” JGA, a fact apparently first noticed by Tsander 
and first studied in detail by Minovitch. More planets mean even better performance but far fewer 
launch opportunities, a point brought home by the discovery of Grand Tour possibilities by 
(Flandro, 1966). 


An even more efficient escape scheme was first identified and studied by Oberth in 1929: a pow- 
ered spacecraft maneuver while deep in the gravity well of the Sun after having fallen to the Sun 
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from a great distance away (Oberth, 1970). In practice, the Oberth maneuver requires a retrograde 
JGA in order to shed enough of the angular momentum of the Earth to pass sufficiently close to 
the Sun, along with a sufficiently robust TPS to survive that close passage. 


A potential “intermediate” case is a powered, prograde JGA. 


All of these schemes require gravity assists at Jupiter, and so the performance of launch opportu- 
nities to a fixed direction in the sky is modulated by Jupiter’s sidereal period of 11.8 years as well 
as the synodic period of 399 days that controls the Earth-to-Jupiter leg of the trajectory. For a 
given launch vehicle, outbound trajectories near the plane of the ecliptic have the best perfor- 
mance because they maximize the JGA angular momentum and energy transfer to the spacecraft. 


The significant question at hand—that must be answered up front—is which of these three gen- 
eral options can provide the most rapid exit from the solar system given current launch vehicles, 
kick stages, and TPS capabilities. 


11.5.3.1. Option 1: Prograde Jupiter Gravity Assist (Passive) 


The “simplest” ballistic option for rapid solar system escape is to make use of an optimized prograde 
JGA near the plane of the ecliptic. The basic calculation of how to relate the launch energy (C3) to 
an optimized Jupiter flyby distance and the asymptotic speed away from the solar system is docu- 
mented in the appendix of (Ralph L. McNutt, Jr. et al., 2014) for a simplified patched-conic model. 
In principle, sufficient launch energy (direct to Jupiter) causes the spacecraft energy to intersect 
Jupiter’s orbit at an angle a with respect to Jupiter’s orbital velocity vector. By targeting an appro- 
priate flyby altitude from Jupiter, the gravitational field of the planet will then rotate the spacecraft 
trajectory, so that it is aligned with the velocity vector of Jupiter, adding the planet’s speed to that 
of the spacecraft. As the launch energy increases, the required closest approach to Jupiter to effect 
the bending also increases. At a sufficiently large launch energy, the closest approach reaches the 
Jovian cloud tops. Further increases in launch energy are less and less effective as a result. Using a 
simple, patched-conic approximation with Earth and Jupiter assumed to be in coplanar, circular 
orbits yields a minimum C3 of ~77.324 km?/s* for a Hohmann transfer and a C3 of ~494 km?/s* to 
drive the optimal flyby distance down to Jupiter’s cloud tops. Retrograde JGAs to allow close peri- 
helion passages are ~100—120 km7?/s? (the simple model gives 102.403 km?/s? for a perihelion pass 
of 9.5 Rs and 109.887 km?/s? for 1 Rs, with corresponding perihelion, transverse, speeds of 199.56 
km/s up to 617.43 km/s). Voyager 1 and 2 launch C3s were 105.5 km?/s? and 102.4 km?/s?, respec- 
tively (Heacock, 1980). Lower launch energies to enable large masses are possible by making use 
of multiple Earth and/or Venus gravity assists (e.g., by Galileo and Cassini) at the expense of multi- 
hundreds of meters per second DSMs and extra years of time within the inner solar system. So the 
trade is one of time and orbital complexity versus larger launch vehicle (e.g., the use of the Delta IV 
Heavy and gravity assists versus the use of the SLS Block 1 for the Europa Clipper mission). 
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For all the examples here, we consider direct fly-outs to Jupiter with an SLS Block 1B or Block 1B+.?? 
Even with upper stages, this vehicle is not going to be capable of launching a multi-hundred-kilo- 
gram spacecraft to a C3 of >470 km?/s?, which means there is always a clear (mathematical) path 
to an optimized Jupiter flyby, but the constraint of Jupiter’s size must be taken into account at the 
highest launch energies. 


“Optimal” trajectories to Jupiter occur roughly once every synodic period of 398.88 days versus its 
sidereal period of 365.256 days. Hence, the optimal “aim-point” of the fastest trajectory will ad- 
vance each launch opportunity by ~(398.88/365.256 — 1) x 360° = 33.14°. After 11 such “best” 
opportunities, the aim-point will have advanced in heliolongitude by 364.541°, being ~4.5° ad- 
vanced from the previous cycle (of 11 x 398.88/365.256 = 12.0126 synodic years of the Earth). 
The 4.5° advance means that the “best” orbital parameters will not be reproduced exactly but will 
not vary greatly over several 12-year periods. 


11.5.3.2. Option 2: Prograde Jupiter Gravity Assist (Active) 


The first variation makes use of an active, prograde rocket burn at closest approach to Jupiter. This 
is the exact reverse of the capture burns made by the Galileo and Juno orbital missions to orbit 
Jupiter. Hence, such burns are critical, but no more so than for orbital capture. 


Deep-space use of solid rocket motors has been a topic of debate for many years. Maintenance of 
propellant form stability is crucial for eventual—and successful—operation. This includes main- 
taining both a minimum ambient storage temperature and minimal thermal gradients across the 
motor. Without active heating, and the associated mass, power, and other complexities associated 
with such a system, the use of solid kick stages in deep space is viewed with suspicion by many. 
However, a Star 48B motor was used successfully after 462 days in deep space to insert NASA’s 
Magellan mission into Venus orbit on 10 August 1990 (Hamlyn et al., 1991). 


Asimilar problem was encountered during orbit insertion for the Galileo spacecraft after its launch 
from the Space Shuttle Atlantis on 18 October 1989 (D'Amario et al., 1992). After launch via the 
IUS after deployment in LEO, Galileo underwent a Venus-Earth-Earth gravity assist (VEEGA) trajec- 
tory to Jupiter because the IUS could not provide sufficient C3 for a direct-to-Jupiter orbit; the 
initial launch mass of Galileo was 2717 kg, for which the IUS could provide a C3 of only 17 km?/s?. 
This did compare favorably with the 1989 VEEGA minimum requirement of ~13 km?/s?. The Jupiter 
orbit insertion (JO!) maneuver was made 2.6 hours after perijove at 4 Jovian radii (using 1 R) = 
71,492 km). The 49-minute burn slowed the spacecraft by 630 m/s (spacecraft speed relative to 
Jupiter is not given). 


For Galileo, a dedicated, custom retropropulsion model (RPM) was developed and provided by the 
Federal Republic of Germany. Messerschmitt-Boelkow-Blohm GmRH (MBB) designed, built, and 
tested the RPM, with project management provided by the Deutsche Forschungs- und Versuch- 
sanstalt fuer Luft- und Raumfahrt e. V. (DFVLR) (Hagenest et al., 1984). The system used a 400-N 


*3 What was designated as Block 1B+” is now (as of December 2019) designated as “Block 2.” 
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motor and had a burnout mass of 205.89 kg. The 935 kg of propellant (MON-1/monomethyl hy- 
drazine [MMH]) provided a vacuum-specific impulse of 308 seconds. The same type of propulsion 
system attached to a nominal 478.3-kg Interstellar Probe could, therefore, provide a total AV of 
~2.603 km/s. Modern components could likely provide somewhat better performance with space- 
storable liquid fuel and oxidizer. 


To provide an “apples-to-apples” comparison of performance with Option 1, a full set of data on 
the stack masses is required. For Option 1, asymptotic solar system escape speed can be calculated 
on the basis of the C3 possible for a set spacecraft mass and a given upper stage. To compare with 
Option 2, the injected stack must now consist of the spacecraft plus the upper stage, whatever that 
is, which together will be launched toward Jupiter with a lower C3. The trajectory at Jupiter must 
then be designed to optimize the asymptotic escape speed once the kick stage is now fired at peri- 
jove. This is presumably given by selecting the perijove such that the outgoing spacecraft asymptote 
in the heliocentric frame is—as with Option 1—aligned with Jupiter’s orbital velocity vector in the 
heliocentric frame. In principle, one could launch a stack of two powered stages to Jupiter and use 
both at perijove versus using both at launch. The comparison intimately ties the launch vehicle and 
stage performances to the mass of the final separated probe, and the properties of the powered 
stages vary in a non-linear fashion for which numerical calculations are required. 


11.5.3.3. Option 3: Retrograde Jupiter Gravity Assist (Passive) Followed by Active Sun Grav- 
ity Assist (“Oberth Maneuver”) 


The “Oberth maneuver” was Oberth’s answer to his gedanken experiment of how to escape the 
solar system most rapidly, a problem he addressed in his 1929 book, Wege zur Raumschiffahrt or 
Ways to Spaceflight (Oberth, 1970). Simply put, by dropping from a far distance deep into the 
gravity field of the Sun, a rocket acquires a very large speed. A rocket burn that augments this 
speed only slightly provides a significant net energy to the rocket, so that there is now a net large 
energy increase enabling a rapid escape from the system. Beginning on page 198 of NASA’s tech- 
nical translation, Oberth writes (as translated): 


As is apparent, we have so far dealt with matters of pure definition. That changes, however, as soon as we are 
dealing with a body moving between different reference systems. Let us demonstrate it by means of a mental experi- 
ment. 

An asteroid is to circle the earth at a distance of 900 radii of the earth’s orbit. Then, according to the rules of as- 
tronomy, its velocity equals 1 km/sec, and its period of revolution is 27000 years. Let us suppose there is a long-living 
astronaut on the asteroid. He wishes to fly to a fixed star 101 (that is one quadrillion) km away (that is about the distance 
of the regulus in the Lion). The fixed star is not supposed to move relative to the sun and is to lie in the trajectory plane 
of the asteroid. The asteroid is to stand exactly at point A’ (cf. Fig. 66) between the sun and the fixed star (A indicates the 
direction to the fixed star), and the available fuels of the rocket are to correspond to an ideal propulsion of 6 km/s. Here, 
the parabolic velocity with reference to the sun is p = 1.4 km/s. Later in the chapter, | will show that we can completely 
ignore this quantity in the following calculation; the parabolic velocity with reference to the asteroid is likewise to be 
irrelevant. Now the question is: How can our astronaut get to the distant fixed star fastest? 
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Fig. 66 


Some laymen will say: He must start right now. 1) In so doing, he loses no time waiting. 2) This is the best time to 


leave anyway, for the asteroid is nearest to the fixed star. Then he will arrive in a = 5,555,600 years (in this connec- 


tion compare the answer given by the astronomic observatory in JULES VERNE’S novel, “From the Earth to the Moon”, 
Point 4). 

Others will say: No, he must wait until another 20000 years; then the planet has completed % of its revolution and 
its motion aims exactly at the fixed star. If the rocket starts then (that is on the line C’C), the asteroid’s velocity of 1 km/s 
is added to its own velocity. It covers the distance in alee = 4,760,000 years and makes up for the 20000 years of wait- 
ing. — Who is right? 

No one. It is best for the rocket to start a few centuries after this period with a velocity exactly opposite to the 
velocity of the asteroid and not quite as great. In so doing, it uses a propelling force of 1 km/sec and describes an elon- 
gated ellipse around the sun that is to bring it to the edge of the solar corona, In the perihelion (that is the trajectory 
point nearest the sun) it should have a velocity of 500 km/sec. Now, the astronaut adds the remaining 5 km/sec to this 
velocity and travels toward the fixed star with the hyperbolic velocity of 505 km/sec on trajectory D’D. The velocity of 
500 km/sec corresponds to the kinetic energy used up in order to bring the rocket back up to the trajectory of the asteroid 
again. That would require energy amounting to —4m500?. This additional kinetic energy which the rocket has at 505 
km/s is expressed in the fact that it does not stop when it reaches the range of the asteroid but flies on with a velocity 
whose kinetic energy is equal to the difference between the energy present at 505 km/sec and at 500 km/s. If this velocity 
is x, then 


NIB 


“m+ x? =2-m-505* —+-m- 5007. 
From that follows 
x = 70.9 km/s. 


With this velocity, our astronaut gets to the unknown fixed star in 470,000 years, which is 1/12 or 1/10 of the time 
stated above. 

It is most remarkable that, at 70.9 km/s, the kinetic energy of the rocket can be greater than the total chemical 
energy of the fuels carried along. For example, if it was filled with hydrogen and oxygen, which result in and exhaust 
velocity of ca 4000 km/sec, and we let the mass of the empty rocket equal m, then the mass of the full rocket (according 
to formula (6)) equaled e&/4 = 4.48m, and the mass of the fuels carried along was 3.48 m. The mechanical equivalent of 
the heat of combustion was 30.5-35.9 million mkg/kg. When returning from the sun, on the other hand, the kinetic 
energy of the rocket, when it was as far from the sun as the asteroid, amounted to 


=+m- 70,000? = 210° - m mkg, 


which is 70-100 times more than the chemical energy of the fuels! 

The first time | made this calculation, | believed nothing else in the first minute but that here the law of conservation 
of energy was broken, or at least that one could work at the cost of energy stimulating the field of gravity somewhat 
similar to the work performed by an electromagnet which is counterbalanced by weakening of the stimulating current. 
But neither is the case. The fuels have performed the whole work alone. Beside their energy of combustion, they con- 
tained potential energy, since they were so high above the sun to begin with. 

By the drop, that was converted to kinetic energy, which now was considerably diminished by the exhaust velocity 
of 1 km/s, The gases trailing behind are still flying away from the sun, but they no longer come to the height of the 
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asteroid; and because we brought them nearer to the sun, energy was released which is now evident in the more rapid 
motion of the rocket. 

In the case of the burning rocket, we are also dealing with two different reference systems. The exhaust gas attains 
velocity c with reference to the rocket, but the rocket gets its propulsion with respect to the earth. With that we move 
from the area of mental experiments to the sphere of the tangible. 


(The text that follows is a long discussion of errors and misconceptions held at the time in the pub- 
lished literature, with regard to how the concepts of energy and work can be—and were—misap- 
plied to explanations of rocketry and the question of whether interplanetary flight was feasible.) 


It is perhaps worth noting that the identification of hydrogen and oxygen as the “best” fuel and 
oxidizer for rocket applications was made by Tsiolkovsky, who also discussed the problems of stor- 
age of hydrogen, especially with respect to both temperature and volume (Tsiolkovskiy, 1967). 


It is also sobering to note that in coming up to the centenary of Oberth’s discovery, we are still 
plagued by the same technical problems of 1929 in trying to implement the scheme, namely, pas- 
sage “to the edge of the solar corona” and providing the requisite speed change. Oberth’s identi- 
fied probe speed of 500 km/s corresponds to a periapsis of 1.526 Rs, and a 5 km/s spacecraft 
maneuver would eject the spacecraft from the solar system at an asymptotic speed of 
~15 au/year.** Furthermore, for a LOX/LH2 system, the specific impulse could be as high as 
465.5 s,° for which the required mass ratio would be 2.989. The problem with such a “design” is, 
of course, the need to store the LH2 and LOX in deep space for many years while thermally shield- 
ing the spacecraft down to the requisite distance above the Sun.° 


For this option, the C3 requirements appear to span a somewhat narrow “band” from ~115 to 
125 km?/s*. For a solid kick stage near the Sun, fine tuning the mass and propellant loading may 
well be problematic in any event, along with the longer in-space “storage” time before stage use. 
Control of the burn direction will also be critical along with integration of the TPS into the space- 
craft/stage stack. Again, a custom, space-storable propellant system may be preferable, if signifi- 
cantly more costly. 


Some comparison can be made with the Cassini propulsion system (Barber & Cowley, 2002; Leeds 
et al., 1996): “The Cassini Propulsion Module Subsystem (PMS) features a stand-alone, modular 
configuration, designed to be assembled, tested, and loaded independently from the remainder 
of the S/C.” The system dry mass was 491.9 kg. Expendables included 8.7 kg of helium (pressurant), 


4 Escape speed from the solar “surface” of 1 Rs with 1 Rs = 695,700 km is 617.6 km/s (Williams, 2018). The escape 
speed goes as the inverse square root of the perihelion, so Oberth’s speed of 500 km/s corresponds to a closest 
approach of 1.526 Rs. For a AV of 5 km/s, the usual simple approximation (equation 1 of Ralph L. McNutt, Jr. et al., 
2017) gives the asymptotic escape speed as 70.77 km/s or 14.92 au/year. 

*5 RL 10B-2 (cf. AerojetRocketdyne, 2020) 

26 The Parker Solar Probe TPS is designed to withstand a temperature of 1400°C = 1673 K at a perihelion of 9.86 Rs. 
For a flat shield normal to the Sun direction, the temperature scales as the inverse square root of the perihelion 
distance from the Sun’s center. Hence, that design would see a temperature of 4253 K or 3980°C and would not 
survive at that closer distance. Of the ultra-high-temperature ceramics, hafnium carbide (HfC) melts at 3958°C 
(Wikipedia, 2020g), and of the metals, tungsten melts at ~3400°C (EngineeringToolBox, 2005). Such investigations are 
also relevant to research into practical hypersonic flight (Cedillos-Barraza et al., 2016). 
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132.0 kg of hydrazine for the monopropellant system, and 1132.0 kg of MMH and 1868.0 kg of 
nitrogen tetroxide (NTO) for the bipropellant system, yielding a total wet mass of 3632.6 kg. For 
operating the system, the worst-case power consumption was estimated as 241.77 W (from Table 
4, “Mass and Power Summary,” Leeds et al., 1996). For Cassini, the monopropellant and bipropel- 
lant systems were separated (as compared with the dual-mode systems used on other spacecraft 
such as MESSENGER). Total planned pre-launch AV requirements totaled 2.0392 km/s. The specific 
impulse of the two systems is not given. 


The programmatic approach is worth noting for comparison with Galileo: 


In keeping with the international flavor of CRAF/Cassini from its inception, the earliest S/C Propulsion Subsystem 
was to be built by the Federal Republic of Germany (FRG). Technically, the Germans were contributing one propulsion 
subsystem for the CRAF Mission and a spare subsystem that was to be used for the Cassini Mission. From the start, the 
Propulsion Subsystem consisted of a large, helium regulated bipropellant system, and a much smaller hydrazine system 
for reaction control and smaller AV maneuvers. 

Due to budget cuts in 1992, the Cassini Program was downsized, and the CRAF S/C was canceled. Following this 
decision, the FRG elected to end their participation in the Program. At that point, the decision was made at JPL to procure 
the entire Propulsion Subsystem from industry. This propulsion contract was eventually won by Lockheed Martin Astro- 
nautics in Denver and started in April 1993. 


Overall, the total Cassini initial mass was 5574 kg; the orbiter’s dry mass was 2113 kg, the Huygens 
probe’s mass was 320 kg, bipropellant mass was 3000 kg (1869 kg oxidizer and 1131 kg fuel), bi- 
propellant helium mass was 8.6 kg, monopropellant mass was 132 kg, and monopropellant helium 
mass was 0.4 kg. The launch general-purpose heat source radioisotope thermoelectric generator 
(GPHS RTG) power was 879 W (Barber & Cowley, 2002). Subsequent performance assessments of 
the system report an effective specific impulse of 301 seconds for the bipropellant system and 217 
seconds for the monopropellant (hydrazine) system (Sturm et al., 2015). 


As a rough (very rough) estimate, suppose we estimate a spacecraft dry mass of 478.3 kg plus 
491.1 kg (Cassini PMS dry mass) with a propellant load of 3000 kg and a specific impulse of 301 sec- 
onds. We can estimate a AV of 4.2 km/s for such a system (the monopropellant system needs to 
be nearly as sophisticated, which would bring the dry mass down, but the need for power for the 
system would also bring the dry mass up); for now we use the 491.1 kg as an estimate and note 
that it is about the same as the estimated spacecraft (wet) mass of 478.3 kg. It is worth noting that 
such a deep-space, bipropellant kick stage has not been built before. 


The use of such a “custom” stage for a maneuver near the Sun would have the added advantage 
that the TPS could be built in from the start, rather than “retrofit” into an existing solid propellant 
stage. The TPS mass would, of course, also bring the performance down. With a 500-kg TPS, the 
velocity performance would drop from 4.2 km/s to 3.3 km/s; with a 1000-kg TPS, it would drop to 
2.7 km/s, and so on. 
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12. Acronyms and Abbreviations 
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AAS 


AAS 
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ACE Lab 


ACES 


ACF 


ACO 


ACR 


AGU 


AIAA 


ALMA 


AMR 


AoA 


AOGS 


APL 


ASEE 


ASME 


ASRG 


au 


B2 


BCE 


BOLE 


BPPP 


Associate Administrator (NASA) 

(1) American Astronautical Society 

(2) American Astronomical Society 

Advanced Composition Explorer 

APL Concurrent Engineering Laboratory 

Advanced Cryogenic Evolved Stage 

Advanced Ceramic Fibers (LLC) 

Advanced Concepts Office 

Anomalous Cosmic Ray 

American Geophysical Union 

American Institute of Aeronautics and Astronautics 
Atacama Large Millimeter/submillimeter Array 
Atlantic Missile Range 

Analysis of Alternatives 

Asia Oceania Geosciences Society 

The Johns Hopkins University Applied Physics Laboratory 
American Society for Engineering Education 

The American Society of Mechanical Engineers 
Advanced Stirling Radioisotope Generator 
Astronomical Unit, defined as exactly 149,597,870,700 meters 
Block 2 (of the Space Launch System) 

Before Common Era 

Booster Obsolescence Life Extension 

Breakthrough Propulsion Physics Program 
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C3 
CALCE 
CAPS 
CATE 
CCD 
CDA 
CENA 
CETI 
CFC 
CIB 
CIBER 
CIBR 
CICG 
CIR 
CMBR 
CME 
CMOS 
COB 
CoDICE 
COBE 
CONOPS 
COSPAR 
CSF 
CSSP 
CTR 


CY 
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Square of the Excess Hyperbolic Escape Speed from the Earth 

(The) Center for Advanced Life Cycle Engineering (at the University of Maryland) 
Committee on Astrobiology and Planetary Sciences, committee of the SSB 
Cost and Technical Evaluation 

Charge-Coupled Device 

Cosmic Dust Analyzer 

Chandrayaan-1 Energetic Neutrals Analyzer 

Communication with Extraterrestrial Intelligence 

Chlorofluorocarbon 

Cosmic Infrared Background 

Cosmic Infrared Background Experiment 

Cosmic Infrared Background Radiation 

Centre International de Conférences de Geneve 

Corotating Interaction Regions 

Cosmic Microwave Background Radiation 

Coronal Mass Ejection 

Complementary Metal-Oxide Semiconductor 

Cosmic Optical Background 

Compact Dual lon Composition Experiment 

Cosmic Background Explorer 

Concept of Operations 

Committee on Space Research 

Close Solar Flyby (per Ehricke) 

Committee on Solar and Space Physics, committee of the SSB 

Controlled Thermonuclear Reactor (controlled fusion with net energy gain) 


Calendar Year 
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DFVLR 


DGL 


DIRBE 


DMSP 


DOD 


DOE 


DOI 


DPS 


DRACO 


DS1 


DSA 


DSIF 


DSM 


DSN 


EBL 


AV-EGA 


EGU 


EIS 


EKB 


EMEFISIS 


eMMRTG 


ENA 


EPD 


EPSC 


ESA 


ESA 


INTEFSTELLAL 


PROBE 
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Deutsche Forschungs- und Versuchsanstalt fuer Luft- und Raumfahrt e. V. 


Diffuse Galactic Light 

Diffuse InfraRed Background Experiment 
Defense Meteorological Satellite Program 
Department of Defense (U.S.) 
Department of Energy (U.S.) 


Digital Object Identifier 


Division for Planetary Sciences (of the American Astronautical Society) 


Didymos Reconnaissance and Asteroid Camera for OpNav 


Deep Space One, science and electric propulsion technology test mission 


Deep Space Avionics 

Deep Space Information Facility 

Deep-Space Maneuver 

Deep Space Network 

Extragalactic Background Light 

Delta-V, Earth Gravity Assist 

European Geosciences Union 

Europa Imaging System 

Edgeworth-Kuiper Belt 

Electric and Magnetic Field Instrument Suite and Integrated Science 
Enhanced Multi-Mission Radioisotope Thermoelectric Generator 
Energetic Neutral Atom 

Energetic Particle Detector 

European Planetary Science Congress 

(1) Electrostatic Analyzer 


(2) European Space Agency 
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ESAS 


EUS 


EUV 


FIR 


FISO 


FOV 


FRG 


FY 


GA 


G&C 


GCR 


GMIR 


GPHS 


GTO 


GUVI 


HAE 


HENA 


HfC 


HGA 


HP 


HRI 


HST 


HTC 


HUT 


H-wall 


IAA 


INTEFSTELLAS 
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Exploration System Architecture Study 
Exploration Upper Stage 
Extreme Ultraviolet 
Far Infrared 
Future In-Space Operations 
Field of View 
Federal Republic of Germany, aka “West Germany” (1949-1990) 
Fiscal Year 
Gravity Assist 
Guidance and Control 
Galactic Cosmic Ray 
Global Merged Interaction Region 
General-Purpose Heat Source 
Geosynchronous Transfer Orbit 
Global Ultraviolet Imager 
High-Amplification Event, continuum emission from quasars 
High-Energy Neutral Atom 
Hafnium Carbide 
High-Gain Antenna 
Heliopause 
High Resolution Instrument 
Hubble Space Telescope 
Halley-Type Comet 
Hopkins Ultraviolet Telescope 
Hydrogen Wall 


International Academy of Astronautics 
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IAC International Astronautical Congress 

IAU International Astronomical Union 

IBEX Interstellar Boundary Explorer, Heliophysics Small Explorer 

ICPS Interim Cryogenic Propulsion Stage 

IDEX Interstellar Dust Experiment 

IEEE Institute of Electrical and Electronics Engineers 

IHP Interstellar Heliopause Probe 

IIE Innovative Interstellar Explorer, APL Interstellar precursor “Vision Mission” study 

IKAROS Interplanetary Kite-craft Accelerated by Radiation of the Sun 

IMAP Interstellar Mapping and Acceleration Probe 

IMF Interplanetary Magnetic Field 

INCA lon and Neutral Camera 

INMS lon and Neutral Mass Spectrometer 

lOC Initial Operational Capability 

IPD Interplanetary Dust 

IPSTDT Interstellar Probe Science and Technology Definition Team (three meetings at JPL 
in 1999) 

IR Infrared 

IRAS Infrared Astronomy Satellite 

ISD Interstellar Dust 

ISM Interstellar Medium 

ISMF Interstellar Magnetic Field 

ISO Infrared Space Observatory 

Isp Specific Impulse 

IT Information Technology 

IUS Inertial Upper Stage 
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Imaging Ultraviolet Spectrograph 

Interstellar Wind 

Japan Aerospace Exploration Agency 

Jupiter Energetic Neutrals and lons 

Jupiter-Family Comet 

Jupiter Gravity Assist 

Jupiter Icy Moons Orbiter 

Jovian Energetic Electrons 

Jupiter Orbit Insertion 

Jet Propulsion Laboratory 

Jupiter Icy Moons Explorer 

James Webb Space Telescope 

Kuiper Belt Object 

Kiloelectronvolt 

Keck Institute for Space Studies 

Kennedy Space Center 

“Lightness Number,” Photon Sails 

Lunar Atmosphere and Dust Environment Explorer 

Los Alamos National Laboratory, designation since 1981 


Los Alamos Scientific Laboratory, designation from 1945 to 1980 (1943-1945 
“Project Y”) 


Large Binocular Telescope Interferometer 
Life-Cycle Cost Estimate 

Low-Cost Planetary Missions Conference 
Lunar Dust Experiment 


Low-Energy Charged Particle 
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MENA 


MESSENGER 


MGA 


MHD 


MHW 
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Linear Etalon Imaging Spectral Array 
Low-Energy Neutral Atom Imager 
Low Earth Orbit 
Liquid Fluorine, energetic cryogenic rocket oxidizer, notional 
Late Heavy Bombardment 
Liquid Hydrogen, cryogenic rocket fuel 
Local Interstellar Cloud 
Local Interstellar Medium 
Limited Liability Company (or Corporation) 
Long Range Reconnaissance Imager 
Line of Sight 
Liquid Oxygen, cryogenic rocket oxidizer 
Lunar and Planetary Science Conference 
Lifetime Study Team 
Living With a Star, program within NASA’s Heliophysics Division 
Liquid Xenon, space-storable rocket propellant for low-thrust, electric engines 
Light Year, = 9,460,730,472,580,800 meters (exactly) = 63,241.077 au (per IAU) 
Magnetometer 
Milliarc Second 
Mars Atmosphere and Volatile Evolution 
Messerschmitt-Boelkow-Blohm GmRH 
Medium-Energy Neutral Atom 
Mercury Surface, Space Environment, Geochemistry, and Ranging 
Mass Growth Allowance 
Magnetohydrodynamic 


Multi-Hundred Watt 
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MLI 
MMH 
MMRTG 
MMS 
MON 
MPD 
MSFC 
MSL 

mt 
MVIC 
Myr 
NARA 
NASA 
NE 
NEOCAM 
NEP 
NERVA 
NETS 
NEXT 
NGMS 
NGST 
NIAC 
NIRSpec 
NLS — II 
NMS 


NRA 
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Multilayer Insulation 

Monomethyl Hydrazine, space-storable rocket fuel 
Multi-Mission Radioisotope Thermoelectric Generator 
Magnetospheric Multiscale Mission 

Mixed Oxides of Nitrogen, space-storable rocket oxidizer 
Magnetoplasma Dynamic, notional, in-space, high-power electric rocket engine 
Marshall Space Flight Center 

Mars Science Laboratory, aka Curiosity 

Metric Ton, defined as 1000 kg 

Multispectral Visible Imaging Camera 

Million Years 

National Archives and Records Administration 

National Aeronautics and Space Administration 

Nuclear Electric 

Near-Earth Object Camera 

Nuclear Electric Propulsion 

Nuclear Engine for Rocket Vehicle Application 

Nuclear and Emerging Technologies for Space 

NASA Evolutionary Xenon Thruster 

Neutral Gas Mass Spectrometer 

Next Generation Space Telescope 

NASA Institute for Advanced Concepts 

Near Infrared Spectrograph 

NASA Launch Service — II 

Neutral Mass Spectrometer 


NASA Research Announcement 
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NRC 


NSSDC 


NTE 


NTO 


NTP 


NYC 


OCC 


OPAG 


OSIRIS-REX 


OSS 


OVIRS 


PACS 


PAM 


PAM—S 


pc 


PDS 


PEPSSI 


P| 


PIR 


PMS 


PMSR 


PPD 


PS 


PSP 


PSW 
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National Research Council 

National Space Science Data Center 
Not-to-Exceed 

Nitrogen Tetroxide, space-storable rocket oxidizer 
Nuclear Thermal Propulsion 

New York City 

Oort-Cloud Comets 

Outer Planet Assessment Group 


Origins, Spectral Interpretation, Resource Identification, Security, Regolith Ex- 
plorer 


Office of Space Science 

OSIRIS-REx Visible and Infrared Spectrometer 

Photodetector Array Camera and Spectrometer 

Payload Assist Module, kick stage designator 

Payload Assist Module — Special, unique build for Ulysses (ESA) mission 
Parsec, distance at which a star exhibits an Earth-based parallax of 1” (of arc) 
Planetary Data System 

Pluto Energetic Particle Spectrometer Science Investigation 

Principal Investigator 

Panel on Interstellar Research 

Propulsion Module Subsystem 

Project Management and System Review 

Protoplanetary Disk 

Project Scientist 

Parker Solar Probe 


Payload System Weight 
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PUI Pickup lon 

PWS Plasma Wave Spectrometer 

px Pixel 

QOZ Quasi-Optical Zone (per Ehricke) 

QTN Quasi-Thermal Noise 

REP Radioisotope Electric Propulsion 

Ry Jovian Radius, using 1 Ry = 71,492 km 

ROSINA Rosetta Orbiter Spectrometer for lon and Neutral Analysis 
RPM Retropropulsion Model 

RPS Radioisotope Power System 

RPWS Radio and Plasma Wave Science 

Rs Solar Radius, with 1 Rs taken herein as 695,700 km 
RTG Radioisotope Thermoelectric Generator 

SAE (formerly) Society of Automotive Engineers; now “SAE International” 
SARA Sub-keV Atom Reflecting Analyzer 

SDC Student Dust Counter 

SDI Strategic Defense Initiative 

SDT Science Definition Team 

SEC Sun-Earth Connection 

SEP Solar Electric Propulsion 

SEPICA Solar Energetic Particle lonic Charge Analyzer 

SERT | Space Electric Rocket Test | 

SETI Search for Extraterrestrial Intelligence 

SHINE Solar, Heliospheric, and INterplanetary Environment 
SIS (1) Solar Isotope Spectrometer 

SIS (2) Suprathermal lon Spectrograph 
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SIT 


SLAC 


SLS 


SMD 


SNR 


SNRE 


SOHO 


SOZ 


SPICE 


SPIE 


SSB 


SSG 


SSI 


SSUSI 


STDT 


STIS 


STM 


STP 


STS 


SUDA 


SW 


SWAN 


SWAP 


SWEAP 


SWEPAM 


SWICS 
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Suprathermal lon Telescope 
Stanford Linear Accelerator 
Space Launch System 
Science Mission Directorate 
Signal-to-Noise Ratio 
Small Nuclear Rocket Engine 
Solar and Heliospheric Observatory 
Suboptical Zone (per Ehricke) 
Spectral Imaging of the Coronal Environment 
SLS Spacecraft/Payload Integration and Evolution (Office) 
Space Studies Board, derived from Space Science Board in 1989 
Science Steering Group (Voyager Project) 
Solar System Radius, using 40 au (per Ehricke) 
Special Sensor Ultraviolet Spectrographic Imager 
Science and Technology Definition Team 
Space Telescope Imaging Spectrograph 
Science Traceability Matrix 
Solar Thermal Propulsion 
Space Transportation System, aka Space Shuttle 
Surface Dust Analyzer 
Solar Wind 
Solar Wind Anisotropies 
Solar Wind Around Pluto 
Solar Wind Electrons Alphas and Protons 
Solar Wind Electron Proton Alpha Monitor 


Solar Wind lon Composition Spectrometer 
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TAU 


TDI 


TESS 


3D 


TIMED 


TOF 


TPS 


TPS 


TRL 


TS 


TSA 


UDMH 


UHT 


ULA 


ULEIS 


UV 


UVS 


UVV 


UZ 


VAFB 


VAP 


VASIMR 


vdf 


VEEGA 


VGA 


INTEFSTELLAL 


PROBE 


NASA Task Order NNNO6AA01C 


Thousand Astronomical Units, interstellar precursor mission concept at JPL, late 
1980s 


Time-Delay Integration 

Transiting Exoplanet Survey Satellite 

Three-Dimensional 

Thermosphere lonosphere Mesosphere Energetics and Dynamics 
Time-of-Flight 

(1) The Planetary Society 

(2) Thermal Protection System 

Technology Readiness Level 

Termination Shock 

Thermal Structure Assembly 

Unsymmetrical Dimethylhydrazine, space-storable rocket fuel 
Ultra-High Temperature 

United Launch Alliance 

Ultra Low Energy Isotope Spectrometer 

Ultraviolet 

Ultraviolet Spectrometer 

Ultraviolet/Visible 

Ultraplanetary Zone (per Ehricke) 

Vandenberg Air Force Base 

Van Allen Probes 

Variable Specific Impulse Magnetoplasma Rocket, developmental rocket engine 
Velocity Distribution Function 

Venus-Earth-Earth Gravity Assist 


Venus Gravity Assist 
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VIM 


VIMS 


VIRTIS 


VISNIR 


VLBI 


VLF 
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Voyager Interstellar Mission 

Visible and Infrared Mapping Spectrometer 

Visible and Infrared Thermal Imaging Spectrometer 
Visible Near Infrared 

Very-Long Baseline Interferometry 

Very Low Frequency 

Very Local Interstellar Medium, original definition of within 0.01 pc of the Sun 
Watt 

Work Breakdown Structure 

Wide-field Infrared Survey Explorer 

Wilkinson Microwave Anisotropy Probe 


Zone of Isolation (per Ehricke) 
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